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Summary

/
%

Lighthill's theory of jet noise, as extended and developed by
Ribner (self and shear noise), has successfully described many features of
the jet noise outside the 'refraction valley'. However, attempts to measure
the self and shear noise source terms directly by means of a cross-correlation
technique have been only partially successful. The major difficulty has
been suspected as spurious 'probe noise' generated by turbulence - hot wire
interaction. Thus, to avoid this problem, the traditional hot wire anemometer
has been replaced in the present investigation by a non-intrusive device: a
Laser Doppler Velocimeter. Substantial modifications were made to meet the

constraints imposed by the correlation experiment; a major feature was provision

to measure 1{;3, the camponent of turbulent velocity in the observer direction X.

Cross-correlations and cross-spectral densities of the jet noise at
40® to the jet axis and the instantaneous turbulent jet flow uy (&Puy/dt2 ~
shear noise source term) or ux? (Puy?/dt2 ~ self noise source term) were
measured at various source positions in the jet. Source distributions were
inferred therefrom over slices of jet normal to the jet axis. They were
found to be strongly pear-shaped, rather than axisymmetric, the small end of
the 'pear' pointing toward the observer. (This is not, however, incompatible
with the axisymmetry of far field sound intensity.)

Self and shear noise spectra have been constructed from the measured

_cross-spectral densities by a method consistent with the postulated self/shear

nolse formalism. The two spectra exhibit comparable amplitudes and virtually
identical shapes, but are displaced substantially in frequency: all this is
predicted by the theory. Self and shear noise spectra extracted from far field
jet noise intensities via an algorithm of Nossier and Ribner exhibit the same
behaviour. On the whole both sets of spectra, although derived from vastly
different experimental procedures, are compatible.
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Notation

density of air (kg/m3)
density of air at ambient temperature (1.2 kg/m3)
overall pressure (N/me)

acoustic pressure (N/ma)

2

acoustic pressure generated by sources S
ot

g 2

acoustic pressure generated by sources Q& 3 Uy
ot

arbitrary mean square reference pressure

total instantaneous 'velocity in the i direction
turbulent velocity in the i direction

mean velocity in the i direction

speed of sound at ambient temperature (343 m/sec)
coordinate, usuelly designating source position in the jet
coordinate, ﬁsua.lly designating observer position
jet nozzle diameter

jet nozzle radius

normalized axial jet coordinate

normalized radial jet coordinate

é.zimutha.l angle

cross-sectional area of a slice of jet at yl/D =n
cross-correlation of vl(_:_:r,t) and va(z,t--r)

time (sec)

time delay (sec)

cross-spectral density of vl(g,t) and vzgr,t)

radian frequency (sec-l) .

frequency (Hz)




arbitrary time interval (sec)

relative contribution of a source in a slice of jet to the
far field shear (1) or self (2) noise, reference position is
at r/R =1, ¢ =0°

area integral of d‘l o Over a slice of jet
b

" 00

delta function: fﬁ(t - to)f(t;)dt = f(to)

Heaviside function (unit step): f 8(t)at = H(t)
- 00

impulse response of a linear system
transfer function of a linear system [Fourier transform of h(t)]

velocity conversion factor (V/m/sec)

' pressure conversion factor (V/N/mz)

voltage analog of the physical quantity S

AC feed-through coefficient of an analog multiplier
root mean square value (e.g. ;é)

frequency of laser light

wavelength of laser light

Doppler frequency

JI'

indices of the coordinates (1, 2, 3)

denotes time average

vii
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1. INTRODUCTION

1.1 Historical Background

Over a quarter century ago, Sir James Lighthill (Refs. 1, 2)
proposed a theory of sound generation by turbulent flows. The governing
wave equation is a direct consequence of the eguations of conservation of
mass and momentum. The sound sources are described as an equivalent distri-
bution of quadrupoles in a quiescent medium whose strength is proportional
to time varying virtual stresses in the fluid. For a subsonic jet at ambient
temperature the inertial Reynolds stresses pviVv4 are the dominant sources.
Scaling considerations led Lighthill to deduce the 802 acoustic power law
which is strongly supported by measurements from subsonic jet flows (Ref. 3).

In order to be able to predict the relevant properties of jet noise
(the mean square pressure for example) two point correlations of pViVvis Or
equivalent source terms, must be known or modelled. Proudman (Ref. hi pointed
out that the distribution of sources with strength &F/dt2 pvy2 (a single
term) is equivalent to the quadrupole distribution of strength PViV3 (six
terms), if the radiation to an observer at x far away from the source region
is considered (vy is the velocity in the direction of the observer). He
applied this formalism to evaluate the noise from decaying isotropic turbulence
described by a statistical model.

Lilley (Ref. 5) applied Lighthill's theory in a quantitative fashion
to the noise generation of air jets. A particular feature of his approach was
a split into 'shear noise' and 'self noise'. The shear noise sources were
modelled (Ref. 2) as proportional to the first time derivative of the total
pressure multiplied by a mean rate of strain. Such sources were believed to
be dominant in regions of high shear, as is found in the mixing region of a
jet. (Ribner, Ref. 6,_later argued that the relative spatial scales of
turbulence and mean shear are camparable in such a region and thus the shear
noise sources are not necessarily dominant.) Additional noise - self noise -
is generated by the turbulent flow regardless of the presence of mean shear.
Lilley computed hypothetical spectra and directivity patterns based on assumed
two point correlations of the self and shear noise sources. He independently
derived the x° and x~' laws, first obtained by Ribner (Ref. 7), which describe
the axial source strength distribution in the mixing region and the fully
developed jet respectively. Powell (Ref. 8) also developed these scaling
laws from turbulence similarity considerations, as well as a corresponding
Jjet noise spectral shape (f2 at low frequencies, f-2 at high frequencies).

A different self and shear noise model was proposed by Ribner

(Refs. 9, 10) in which the momentum flux pvx® of the Proudman formalism is
deccmpoged into two contributing terms 2pUxux [Ux(dPuy/dt2) ~ shear noise]
and puy' [(azu.xe/atz) ~ self noise]. He was able to predict the qualitative
behaviour of the self and shear noise both as to directivity and relative
pitch. Source convection was included in the analysis, and good agreement
with measurement was found for field points outside the valley of relative
quiet that exists near the jet axis.

The earlier work (e.g., Lighthill, Lilley, loc cit) included
source convection (at a fraction M, of the speed of sound) but neglected
small variations in the travel time (the time delay between emission and
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reception) across a coherent source region; it predicted a (1 - Mccose)'ﬁ
amplifying 'convection factor' which can be singular for Mg > 1. Ffowcs
Williams (Ref. 11) and Ribner (Ref. 6) showed by different methods that the
singularity is removed if the correct time delay is used. According to this
factor, source convection at subsonic speeds (Me < 1) strongly biases the noise
towards the downstream direction (e —0). However, refraction bends the sound
rays towards the sides to create the peculiar 'valley of quiet' along the jet
axis; this gives the overall directivity a heart-shaped appearance.

The role of refraction by #he jet velocity and temperature gradients
was recognized independently in the Urited Kingdom (Ref. 12) and in Canada.
Ribner's group, in a major series of experiments (Refs. 13, 14), showed that
the sound of a pure tone point source placed in a Jet flow has a valley of
quiet that at each frequency closely matches that of narrow band filtered jet
noise centred at the same frequency. 8iince the pure tone source is ammidirec-
tional when the jet is turned off, this confirms that the valley of quiet in
the jet noise must be due to refraction of sound by the mean flow velocity-
temperature gradients. Later Schubert (Refs. 15, 16) theoretically predicted
similar directivities. The noise in the 'valley of quiet' is low pitched; the
pitch increases steadily as the observer moves away from the jet axis; this *
is just the reverse of what would be expected from simple Doppler shift
considerations. However, high frequencies suffer more refraction than low
frequencies and are 'bent' further away from the jet axis; this in conjunction
with the directional and pitch properties of Ribner's self and shear noise
model explains the 'reverse Doppler shift'.

MacGregor et al (Ref 17) demonstrated a viable semi-empirical theory
based on Ribner's self and shear noise model (which neglects refraction) in-
corporating measured or calculated (Refs. 15, 16) refraction corrections. The
empiricism of the model correlations is a substitute for a detailed spatial
and temporal knowledge of the relevant turbulence parameters, and the a poster-
iori refraction correction allows for reasonable estimates in the refraction
zone.

Refraction is automatically accounted for if a convected wave
equation with variable mean flow is considered. An equation of this kind
was derived by Phillips and applied to predict the sound from a turbulent

supersonic shear flow (Ref. 18). A similar equation has been used in the study .

of combustion noise (e.g., Ref. 19), although with different dominant source
terms. Lilley (Ref. 20) went further and formulated a third order generalized
convected wave equation which contrasts with the more traditional second order
equations of the previous models. The Lilley equation separates generation
effects (sources) from propagation effects more precisely than the Lighthill
formal%sm; thus,despite its complexity, it has come into widespread use (Refs.
21, 22).

The convected wave equation can only be solved analytically for
idealized mean flow distributions. Mani's (Ref. 23) model of jet noise
generation is one of them. It usef a form equivalent to Lilley's equation,
and describes moving quadrupoles in a cylindrical jet embedded in a fluid at
rest. In Mani's model the shear term, which in Ribner's model is on the right
hand side of the wave equation as a source term, is in effect on the left hand
side as a propagation term. Ribner pointg this out in Ref. 24 and demonstrates
that the respective theories, although they differ in the role of the shear
term, show comparably good agreement with experiment outside the refraction
valley.

2




Recently recognition of the existence of large-scale coherent
structures in jet turbulence has led to analyses (Refs. 24, 26) which suggest
that such structures, particularly axisymmetric ones, can be efficient sound
radiators. The experimental evidence, however, fails to support this in the
case of jet noise. Extensive far-field measurements of Maestrello (Ref. 27)
show that two microphones on opposite sides of a jet have very poor signal
correlations except at small angles to the axis; thus any axisymmetric com-
ponents contribute only a small fraction to the total jet noise. Furthermore,
Ribner (Ref. 28) has recently shown that his self and shear noise model is
capable of predicting two point correlations of the jet noise, in good agree-
ment with measurements by Maestrello, without invoking large scale structures.

An altogether different approach, introduced circa 1958, models the
sources as fluid dilatations proportional to fluctuating pressures (pseudosound)
in and near the jet flow. Such a source model is implicit in the work of
Meecham and Ford (Ref. 29); Corcos and Broadwell (Ref. 30) and Ribner (Ref. 31)
formulated the model explicitly. Ribner (Ref. 6) developed the dilatation
approach in detail and illustrated phenomena associated with source convection
and wave cancellation effects, among others, all of which can also be applied
to Lighthill's formalism. The equivalence of the dilatation and Lighthill
?odels has been demonstrated by Ribner (Ref. 6) and acknowledged by Lighthill

Ref. 32).

At first the dilatation theory did not enjoy widespread attention,
possibly for lack of detailed experimental information about the pseudosound
field of a turbulent jet. On the experimental side there were suspicions that
pressure probes locally distort the pseudosound pressure they were intended
to measure. Over the years the experimental difficulties have been overcome,
and the dilatation theory continues to be the subject of experimental and
theoretical investigations (Refs. 33, 34, 35, 36).

1.2 Ribner's Self and Shear Noise Model

Ribner (Refs. 9, 10) developed the Proudman formalism by noting
that the instantaneous velocity in the direction of an observer at x in the
far field is the sum of a mean velocity Uy and a turbulent velocity uﬁ(y,t).
This leads to two families of sources: one, proportional to aﬁuxz/at contains
only the unsteady turbulent velocity. Noise generated by such sources, which
are-found in all turbulent flows, is called self noise. For the case of
isotropic turbulence (assumed in his analysis) sources of the type 2Ux(Pux/Ot2)
can be shown to contribute only if the mean flow possesses shear; hence the
name shear noise is associated with this second source term.

Using certain mean flow and turbulence models, Ribner was able to
predict the qualitative behaviour of the self and shear noise. The results
suggest that the basic self noise is omnidirectional, whereas the shear noise
has a dipole-like directivity with lobes pointing along the jet axis. The
shear noise spectrum is predicted to peak about one octave below the self noise
spectrum; the maximum intensities are caomparable. These basic patterns are
powerfully altered by convection and refraction effects.

The first extensive camparison of the self and shear noise model
with experimental data was performed by MacGregor et al (Ref. 17). More
recently Nossier and Ribner (Ref. 37) found good agreement between predicted




and measured narrow-band filtered jet noise directivity patterns and demon-
strated that the self and shear noise spectra extracted from far field data
of several investigators conformed to the predictions of the theory. The
comparisons were restricted to points outside the refraction valley, as the
basic theory does not predict refraction.

The surprising lack of spatial cocherence of the far field jet noise
inferred from measured two point correlations of jet noise (Maestrello, Ref.
27) led Ribner (Ref. 28) to extend his self-shear noise predictive model to
deal with two field points (microphones) rather than one. The result was a
quite reasonable quantitative fit of the normalized theoretical and measured
cross-correlations. The agreement is especially good for the plane at 90°
to the jet axis which should be insensitive to convection effects (the model
excluded convection effects as a concession to mathematical exped@iency).

At the present time this is the only theory that has been demon-
strated to account for the major features of jet noise for both one and two
microphones outside the zone of refraction. The model contains one ‘empir-
ical -constant: rather idealized correlations are used and the average temporal
scale (or equivalently the Strouhal number) is chosen for best average fit;
the Strouhal nunber is roughly compatible with measurements in jet turbulence.

It can be argued that Lighthill's theory, which underlies all this,
describes only an equivalent source distribution and not the 'real' one, since
the source integral has been modified by the application of two integral
transformations. While the value of the integrals may well be equal, the
integrands, which are proportional to the effective source strength distri-
butions, may not be one to one. The dilemma is analogous to the one found
in electrostatics, where dissimilar distributions of monopoles and dipoles
can result in equivalent electric fields. (A monopole distribution of local
strength equal to the minus divergence of a certain dipole distribution will
generate the same field.) d

Even though Ribner's self and shear noise formalism appears to be a
valid description of noise generation by turbulent flows, there has been a
lack of conclusive evidence such as furnished by direct measurement of the
supposed sources leading to correct prediction of the far field noise. The
first serious attempt to measure the self and shear noise was made by Chu
(Ref. 38): he measured pertinent two point velocity correlations in a jet
flow. The fourth time derivative of these correlations can, in principle, be
used to determine the properties of the radiated noise, and perhaps lead to
the validation of the self and shear noise model. It was found that multiple
differentiation of time domain data is invarisbly accompanied by a large error.
Later Lee and Ribner (Ref. 39) used an idea of Siddon to estimate the
combined self and shear noise source strength distribution as well as the far
field spectrum from two point cross-correlations between measurements of
vx? = (U,c + ux)2 and radiated sound. Only two differentiations are needed;
however, there is a trade-off between the relative ease of data analysis and
poor signal to noise ratio, as the cross-correlations by nature possess very
small amplitudes. Experimental difficulties finally led Lee to abandon the
correlation in favour of the mathematically equivalent cross-spectral density.
With the latter approach estimates of the overall source strength distribution
and the radiated spectrum were obtained.




Seiner and Reethof (Ref. 4O) applied this technique, but with the
hot wire signal split into Ux and uy to extract the apparent self and shear
noise source strength distributions. Their measurements, supported by
earlier unpublished work of Morris in this laboratory (Ref. L41), appeared
to show that the shear noise term daminated the self noise by at least 10 dB,
whereas the theory, supported by much indirect evidence from far field jet
noise measurements, suggests that the self and shear noise should be camparable
in intensity. It was this discrepancy that provided much of the motivation
for the present in-depth investigation.

In the direct correlations of the jet flow and jet noise discussed
above, the instantaneous jet velocity components Ux and uyx were measured with
hot wire probes. The presence of such solid objects - the probe support
needles - in & turbulent flow gives rise to noise generated by the unsteady
forces that act thereon (Refs. 42, 43). Even though the very weak sound
radiated by the hot wire probe is buried in the overall jet noise, the small
signal may be well correlated with the flow that impinges on the probe and
is measured by it. This implies that the measured correlations of the probe
signal and the far field microphone signal could be significantly 'contaminated'
by a spurious probe noise contribution. This second possibility further
helped motivate the present experimental investigation. (The theoretical
expectations for probe-flow interaction are discussed in detail in Appendix B.)

1.3 Present Investigation

The noise generated by the probe-flow interaction will be eliminated
when the hot wire anemometer is replaced by a remote sensing scheme such as
the Laser Doppler Velocimeter (LDV). Since the demonstration of the Laser
Doppler method by Yeh and Cummins in 1964 (Ref. 44), the technique has been
refined, and reliable Laser Doppler systems have been available 'off the shelf'
for several years.

Knott et al (Ref. 45) have performed parametric LDV studies of a
high speed, high temperature, turbulent jet, and also demonstrated that the
LDV can be used in cross-correlation measurements of the jet flow and jet noise.
The cross-correlation measurement was, however, restricted to a single pair of
field points in the jet flow and the far field.

The present investigation is an extension of the work of Lee and
Ribner (Ref. 39) and others (Refs. 40, 41) in the field of jet noise diag-
nostics via cross-correlations. A major difference is the replacement of the
hot wire, with its spurious noise, by an LDV. The research program was
divided into three tasks:

(1) adaptation of an 'off the shelf' LDV system to the special
requirements of a cause and effect experiment,

identification of possible sources of error that may affect
the estimates of the correlation between jet flow and jet
noise, as well as validation of the Laser Doppler Velocimeter
system,

direct correlation of the postulated self and shear noise
source terms at selected field points in the jet with the
radiated sound, and camputation of overall self and shear

noise spectra based on the correlation measurements.
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Assessment of the compatibility of the predicted far-field spectra with
measured curves would test whether the self and shear noise model is a self-
consistent description of sound generated by turbulent flows.

2. THEORY

2.1 Fundamental Equations

The central equation of noise generation by turbulent flow can be
derived from the equations of mass and momentum:

§+;-:1=11=o (2.1)

ov v

p&-i-'bp‘dyd (2-2)

b
Y
¥
¥
'

J

p 1s the fluid density, P the pressure, vi the fluid velocity in the i direction,
and T4j the viscous stress tensor. (i,j) range from 1 to 3, and repeated indices
are summed over. The operation:

5?; (I, + v,I,) - % I (2.3)

combines Eqs. 2.1 and 2.2 into the form:
2 2
1 3% & O pvyvy Oy 1 & 2
- P=W1+W§?'_+_7—7(P-c p) (2.4)
coé 3t 1% Lo W g *

after adding cy~2 2/0t2(P) to both sides (see for example Ref. 6). The left
hand side of Eq. 2.4 is the linear wave operator applied to the pressure P(y,t).
In a compressible stationary medium, small disturbances propagate at a speed

co that is characteristic of the medium (Ref. 46). Equation 2.4 therefore can
be thought of as describing the sound field of a turbulent flow by an equivalent
distribution of sound sources in a quiescent medium (Ref. 1) with no flow and
uniform sound speed c,-.

The simplicity of the equation is deceiving, as it allows for all the
subtleties of source motion, refraction of sound by mean flow and temperature
gradients, and other phenomena. Perturbations in the density p for example, in
conjunction with mean velocity gradients are responsible for refraction of
sound. If the flow is anisentropic (e.g., a heated jet), the term co~l &2/dt2
(P - coap) will be nonzero. This causes further refraction and can be a signifi-
cant source of sound (combustion noise for example). There is no unique descrip-
tion of sound generation by a turbulent flow, as the conservation equations and
their solutions may be manipulated in a variety of ways (Refs. 18, 20).

In Lighthill's treatment of a turbulent subsonic jet at ambient
temperature the source-like terms are taken to be dominated by povivd/ayidrd,

6
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and the features mentioned sbove are suppressed. The principal contributor
to this sypression is the replacement of the variable local density p by
the constant ambient density p,. Thus, as a first approximation, the sound
generated by such a flow is described by the differential equation:

__2——-\72}’ Wl (2.5)

The pressure at any field point X and time t is computed by the
volume integral (Ref. 47):

B(t' -t +c |x-y[) 2
Pgt) = 7, + i ] 8 ik Ewéﬁr; pvyVy(T8") at'ay (2.6)

A Ix-y] i

The source region is assumed to extend over a volume V that encloses the region
of sensible (i.e. measurable) jet flow. The integral sums the contribution of
each elementary source at yinV. The delta function determines the difference
between the time of signal emission at ¥ and signal reception by an observer at

X. ]x - y] is the source-receiver separation.

A mathematically equivalent description is given by:

1 3 6(t'-t+c lx-y]) d
P(x,t) =P+ [ pV.V (y,t')] at'dy

1 5(t' -t + ¢ |§—_y,|) 3
4 Wﬂ‘x [ l&‘, '_3[[ J&; povivj(;:,t') dt'dy (2.7)

Application of the divergence theorem (Gauss theorem) shows that the first
integral does not contribute to P(x,t), if there are no solid boundaries: the
transform into an integral over the bounding surface of V is zero, as the
integrand decays faster than r- 2 for large r. The procedure may be repeated
for the remaining integral:

-1
2 B'-t+c x-y)
gk llﬁrﬂ LG avféva e

where

at'dy (2.8)
x -yl b

o 6(t'-t+c ]x-yl)

.5,

$3v8 lx-y[

et [(x vy) (xy - ¥) 2

W“)IO/

Clx - 3P (t'-t+éz’ll"-!’l)

_61.3__3( Yi)(x 'YJ_><

lx - ¥l

ot L URE R e )

, Bt - b+ ¢ -_,:|)>] (2.9)
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and

2 Ot -t c;lB - 3)

. RO e = ‘
~Tf['—%.'_§'_,§6(t'-t+co L}s-_zl), |§,|>'> l_}_r’] (2.94)
— XI Co at
For an observer outside the flow and sufficiently far away so that
x-y| =~ lgc,] >> typical wavelength, the only significant contribution to the
acoustic pressure is made by '
1 1 Mty & -1
P(x,5) - P, = o 2 Bl ﬂTl% ENAARCAD) e 8(t' -t + ek - ylatay
L™ v X (2.10)

since the other terms decay faster than L:_c’l-l.

Noting that xjvi[x|™ = x + y[x|-] = vx the component of the velocity
in the direction of the observer at X, and integrating by parts results in the
so-called Proudman formalism:

(x,t) = P(x,t) - P_ = —= i ly,t) B(t' - £+t ) at"
P 3’) = X, s ) B povx _¥s ) ( = co L}s ” ._y,' d_\Y
bare © [x [V, ot (2.11)

In this particular description only the velocity component in the direction of
the observer contributes to the sound heard by the observer. vy can be measured
with considerably less effort than vivj (simultaneous measurement of vivj is

a Herculian task), and thus opens the way for experimental verification of the
theory via a correlation technique.

Equations 2.10 and 2.11 are the central eguations governing the
i generation of sound by unsteady flows; they are referred to as the Lighthill
and Proudman forms, respectively.

2.2 Auto-Correlation and Power Spectral Density of the Far Field Pressure

The instantaneous far field acoustic pressure (the pressure differ-
ence from ambient) due to a turbulent jet flow fluctuates above and below zero
in a random manner. It is therefore appropriate to characterize the noise by
measuring relevant statistical properties such as the auto-correlation function,
and the power spectral density of the pressure. The auto-correlation of the
far field acoustic pressure is defined to be (Ref. 48):

T
lim 1
Rop(%sm) = p(x:8) p(xst - 1) = 700 5= [ p(x,t) p(x,t - 1) at (2.12)
-T

substituting for p(x,t):

r O SR | & 2 i
R_(x,7) = e p.V., (y,t') 8(t" -t +c_"|x - )
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p(x,t - T)dt' dtdy (2.13)
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In general the velocity vy is the sum of a mean velocity Ux = vy and a turbulent
velocity ux = vy - Vx. The source term expands -into

azvx2 - 2 2
—SEQ' i S;E (Ux t UL+ u) (8:24)

The first term is identically zero, hence:

2
Bl e _ -1,
Rep(im) = umozk‘,l\/; 20,() S o lot) Bzt - T+ oMl - 3D oy
+_..!:._._f32 pu2(yt) p(Xt-Tc-lL'Il)dy (2.15)

For steady jet flow u,, uxz, and p are statistically stationary random
variables (Ref. 49), so that

ey 5 =1
Ryp(%s7) = mi U, (¥) P u (y,t) p(x,6 - T+ " x - y|) g

Po o = -1
t—— [ S5 ufge pt - T el gD o (2.16)
e 2 x4, 372 e

The far field acoustic pressure auto-correlation is the sum of two
volume integrals. At T = O, the integrals describe the mean square pressure.
Ribner (Ref. 10) has called the two contributions shear and self noise respec-
tively. This kind of division was first suggested by Lilley (Ref. 5), but
with different definitions.

Following the notion of Siddon (Ref. 50), one may think of these
cross-correlations as causality correlations, as they compare the supposed
source terms [2Uy 32/0t2(uy), 0°/dt2(uy2)] with the effect they produce. The
correlations have dimensions of a mean square pressure per unit volume and
describe the sound radiated by a correlation volume sbout the source point.

A single correlation volume, therefore, contributes a small amount to the mean
square pressure. If one assumes that there are N such correlation volumes of
equal strength (AVeN = V), then it follows that the normalized peak correlation
. coeffici§nt is of order 1/MN (see Appendix A for a more detailed mathematical
. analysis).

: The Wiener-Khinchin theorem states that the aute-correlation function
- and the power spectral density are Fourier transform pairs (Ref. 51):

-]

Rpp(%s7) = f Bp(xow) e aw (2.17)
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The power spectral density cppp(gc',w) can be determined from Eq. 2.12 by taking
the inverse Fourier transform:

i
cppp(gc',u) = %—rf Rpp(icr,'r)e YT (2.18)
Substituting for Epp(x sT) ¢
Po 62 -1 dwr
PpplXow) = ——>— _fox(y) 7 o (y,t)p(x,t - T +c T [x - y[) & drdy
h.’r co LJE' i - a_r - 2 -

P
+

) 32 2 =1 iwT
? 2 ﬂ_e ue(st)e(x,t - 1+ e lx - y'l) e drdy (2.19)
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After integration by parts:

-1
(30) B P L
¢ (Xw) =~—7 | wU(y)Q X,¥,w) e dy
2w, sl Y, el
P 5 iwc;l x- |
- —z—fw ? 5 (grc,gr’,w) e T ody (2.20)
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where:
g § iwr
unxp(gg,_a_r,w) =57 | %38 p(x,E - 7) e ar (2.21)
and
o o (x,7,0) === | uZ(y,t) p(x,t - 7) T ar (2.22)
u 2p 7’7’ 21]' X q, =’

X

The power spectral density of the far field sound pressure is expressed
by Egs. 2.20 to 2.22 as a volume integral of two weighted cross-spectral density
functions q;uxp(g'c,y,w) and q>ux2p(§,y,w). The double differentiation with respect

to 1 in the time domain is equivalentto multiplication by -w? in the frequency
domain (Ref. 52), a property that will be used in the analysis of the measured
data.

The cross-correlation functions Ruxp(g’c,g,-r) = ux(_s'r,ﬂ p(x,t - ) and

R%gp(gc',g,-r) = uxa(x,t) p(X,t - ) as well as the cross-spectral densities
‘Pu,‘p(?,"y’“’) and p(3c',y,m) can be estimated by direct measurement. Both

representations contain the same information, and it is often a matter of
convenience which one is to be used. For each position X the above functiocns
must be defined over all values of y, T, or w.
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As turbulence levels vary slowly with position in the jet, the volume
integrals 2.16 and 2.20 may be approximated by a suitably weighted summation
over a finite number of source points. The weighting is a measure of the
effective volume over which the single estimate is a reasonable approximation
to the integrand. For example the expression -

RPPQ("T) Z Uy (3,) ;‘rz ux_p(x’y ') Avr(xl).
-r-c;:L I—’S’—‘»’n'
M
2
foe & r , (my,m) | &P (2.23)

ey x| g 0% u

et x-y. |
e [0} 7-¥m

estimates the auto-correlation of the acoustic pressure from measured 'causality
correlations' of the postulated sources (as described by Ribner's self and shear
noise formalism) and the far field pressure.

The time domain estimates are very susceptible to signal to noise
problems because of the small amplitudes of the cross-correlations. On going
over to the frequency domain, the transform

N -1 .
o j""co lg-"JYnl (1)
PpplXsw) 4 - phagT Zl SEAPRN  p(ZeTp0)e oy

o T 2 e [x-y, | (2)
o —— Xw ? p (x,y.we s o (2.24)
u “p

describes the power spectrum of the far field pressure ‘as a summation of
measured cross-spectral densities. The differentiations with respect to
of the time domain data will invariably result in more errors, whereas multi-
plication by -w® should only alter the shape of the cross-spectral densities,
which are likely to be smooth functions of frequency.

The measurement of the 'causality' correlations and the cross-spectral
densities is one of the major objectives of this investigation. Should the
experimental results be demonstrated to be compatible with the above equations,
then the self and shear noise model becomes a more credible description of the
noise generation of turbulent jets.

It must be emphasized that the measured cross-correlation and cross-
spectral densities are not estimates of a unique source distribution: they are
but estimates of one of a number of mathematically equivalent source patterns.
The overall contribution to the far field sound pressure from such equivalent
source distributions are identical.




The relative intensity and directivity of the self and shear noise
have been predicted theoretically (Ref. 10) using certain models to describe
the statistics of the turbulence. The self noise (assuming isotropic tur-
bulence) is omnidirectional and the directional pattern of the shear noise is
dipole-like, with the lobes pointing along the jet axis. The basic overall
directivity is significantly modified by source convection and refraction
(Refs. 13, 14, 15, 16). Refraction of sound by a jet flow is generally
significant only for angles less than 40° from the jet axis. Any experiment
designed to detect a cause-effect relationship between the principal source
term and the radiated far field sound pressure should avoid measurements in
that region, unless it or the theory incorporates a correction for refraction.

3. EXPERIMENTAL FACILITIES: DEVELOPMENT AND ARRANGEMENT

A considerable portion of the project has been devoted to the
development of a Laser Doppler Velocimeter (LDV) system that could meet the
constraints imposed by the nature of the experiment:

(1) the system should not interfere with the flow field nor the
sound field,

(i1) the frequency response should extend to the upper audio range,

(iii) the seeding generator needed to supply a sufficient number of
scattering agents for the Laser Doppler Velocimeter must be
very quiet.

The development of the latter proved to be a rather time-consuming endeavour.

3.1 Laser Doppler Velocimeter

3.1.1 Operating Principle

A small particle travelling with a non-relativistic velocity
Vp = Qy/dt crosses a light beam of frequency v, and wave number vector K,
-Iiill = 27 vo/c, and scatters the spherical wave described by

SE -i(2mvgt - kypvy) ik (x-y |
Equpp(%sy5t) = ———— e eopin P Wihdis (3.1)
SCAT %k =g]

to the obgerver at X in the far field. S is a directivity factor that depends
on the particle size, refractive index, and the incident radiation (Ref. 53);
k is the scattered wave number. The far-field approximation is:

-1[27rvot+<k-lz—lvh>'_¥]

ESCAT(E’X’t) ~ AP e (3.2)

where T

5 "5 °
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If a second beam of light of the same frequency v, but with a different wave
vector is scattered simultaneously, then the signal at x becomes:
t) = A

o s (B )23 ]
Y

-i[awo“(kéw-ke>ﬂ}

Bgoar(%e3>
TOTAL

+ e

(3.3)

It has been assumed that S varies sufficiently slowly over the range 6 =
tan-1( k) - ko|/2|ky + kp|) to be represented by a constant. The expression
Egcar can be rewritten in the form of an amplitude modulated signal:

TOTAL

e i e-i[evrvot-<k-[_:—'[-;ﬁ>-y’pt]<l+e-1(§2-_1§1)_~;pt>
P

TOTAL (3.4)

The first term is a wave with frequency

1 P9
V=V°+§_’-r<km-§’1>y’pfsvo, IY'PI<<C (3.5)

and can be thought of as the high freguency carrier signal. The amplitude
modulation consists of a DC component and a time varying signal with frequency

g U - k) - X (3.6)

The latter is the so-called Doppler signal; it is actually the
difference of the two Doppler frequencies that are generated by the scattering
process. The frequency vp, which is much lower than v, can be detected by a
photomultiplier and measured by conventional frequency analyzers or high speed
counters. The Doppler frequency:

vl %) Y

is unique to the system and varies linearly with the speed of the particle in
the direction of the }'2 - _lh vector.

<
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The sense of direction is lost, but can be recovered by a system that uses
frequency shift techniques. :

For a more heuristic description consider the intersection of two
coherent light beams. ‘At the beam intersection an interference pattern is
created (Fig. 3.1). The angle of intersection and the wavelength of the light
determine the fringe spacing:

d.f = % (sin e)-l‘ (3.8)

A small particle crossing the fringe pattern will scatter a modulated signal,
the frequency of which is determined by the fringe spacing and the particle
velocity normal to the fringes. The scattered light is then collected on the
first dynode of a photomultiplier tube (Fig. 3.2). This type of signal detec-
tion is known as the differential mode. A phase-locked loop or a high speed
counter can be used to estimate the Doppler frequency which is directly propor-
tional to the particle speed normal to the fringe pattern. There is no
linearization required, as is the case with the hot wire anemometer. Aside
from small scattering agents, the flow remains unaffected by the measurement.
The remote sensing eliminates any probe-flow interaction which may generate
an unwanted, but well correlated, sound signal. A comprehensive survey of
the operating principles, advantages, and limitations of the LDV can be found
in Refs. 54 and 55.

3.1.2 Optical Package

The optical arrangement has been built up from standard DISA com-
ponents consisting of a 55L84 Beam Splitter, 55187 Beam Separator and Focusing
Lens, and a 55L12 Photomultiplier, as shown by the schematic representation in
Fig. 3.3. For minimum acoustic interference a long range back-scatter system
would have been preferable. Small particles that follow the turbulent flow
most faithfully, scatter the incident beam in the forward direction; therefore,
the differential mode of light collection (Fig. 3.2) offers a better signal
strength (Ref. 56).

The space available in the anechoic room restricted the focal lengths
of the optics to be 30 cm. In order to minimize acoustical interference, all
optical components have been moved as far away from the flow as possible,
subject to spatial and vibrational constraints.

After several desién iterations a self-contained optical package
was built. The system can be easily aligned and allows the beam intersection
to be placed virtually anywhere in the jet flow. There are two main components:
the traversing gear and the basic optical system (Fig. 3.4).

The X-Y traversing gear provides a stable platform for the Laser
Doppler optical system. The traversing gear has a range of travel of 30 cm
along the jet axis and 20 cm laterally to it. An aluminum U channel beam
supports the beam splitter optics and the photomultiplier assembly. The
horizontal support is attached to the traversing gear via a "Lazy Susan'
bearing, providing the capability to rotate the entire assembly about the
probe volume. This feature makes the measurement of vy possible. The
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support beam also serves as a platform for a Spectra Physics 124A 15 mW He-Ne
laser (632.8 nm). Two front surface mirrors on adjustable mountings steer the
laser beam into the beam splitter optics 75 cm above the laser. The beam
splitter and upper steering mirror are attached to a bracket whose vertical
position can be adjusted. A carrier with lateral and vertical travel holds
the receiving optics and the photomultiplier in place. The support rests on
a 50 cm optical bench. This arrangement assures precise alignment of the
photamultiplier with the probe volume. Four locating rings, epoxied on the
support beam, lock the optical bench in the correct position. The optical
bench also serves as a counterweight for the beam splitter optics, so that
there is no external torque on the traversing gear. The entire system is
quite stable, and only severe shocks will result in misalignment. Prior to
installation in the anechoic room the laser and the optical path to the heam
splitter were covered with a cardboard mantle to reduce dust accumulation on
the mirrors. Figure 3.5 shows the optical system after installation in the
anechoic room. When aligned to measure the velocity component at 4O® to the
Jet axis, the beam splitter optics are just upstream of the nozzle, thereby
eliminating any interference with sound radiated in the direction of the
microphone.

3.1.3 Laser Doppler Processor 3

The detected Doppler signals are analyzed by a DISA 55L90 counter
processor. The 55190 is a sophisticated high speed electronic counter capable
of resolving 5 nsec intervals (100 MHz). The photomultiplier signal is con-
ditioned by adjustable high and low pass filters. The high pass removes the
so-called Doppler pedestal which does not contain any velocity information.
The low pass filter improves the signal to noise ratio of the Doppler signal
by minimizing the noise bandwidth of the photomultiplier shot noise.

A high speed Schmitt trigger converts the filtered Doppler signal
to a square wave that is compatible with the digital counter circuitry used
to measure the time AT taken by a single particle to cross 8 fringes in the
probe volume, defined by the beam intersection.

The reciprocal of AT is 8 times the Doppler frequency which is
directly proportional to the particle speed. The latter is available at the
output of a digital to analog converter. The DAC holds the old output level
until a new valid velocity measurement has been performed. A 10 MHz Doppler
signal can generate new output data at the rate of 625,000 samples per second.

In practice the number of particles that cross the probe volume
per unit time and the orientation of the probe volume with respect to the mean
flow direction govern the data rate (Appendix D). The main sources of error
in the velocity estimates are large particles that do not follow the flow, but
scatter a large amount of light, particles that cross less than eight fringes
and multiple particles in the probe volume. An internal validation system
minimizes the errors caused by these invalid signals. For optimum data
acquisition both the data rate and the percentage of valid data contained in
the input signal must be large. In this instance the best use is made of
particles that pass through the probe volume. A digital subsystem of the
processor displays the output data rate as well as the validation percentage.
Both these parameters were carefully monitored during each experiment.
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3.1.4 Seeding Generator

In order to assure a high data rate, a proportionately large number
of scattering particles must cross the probe volume. A wide variety of
particles and particle generators can be used (Ref. 57). In this particular
application, the particle generator had to be efficient as well as quiet. A
great deal of effort was devoted to the development of such a device, culminating
in two particle generators.

The first seeding generator uses commercially availasble .5 pm alumina
polishing powder as the scattering agents. The particles are kept in a holding
tank (Fig. 3.6). A small air jet stirs the air above the particles and some of
them are carried away with the exhaust flow. The point of particle injection
is just ahead of the entrance to the model jet plenum. A fine stainless steel
screen serves as a filter to reduce the chance of particle coagulation. The
particle concentration at the nozzle was uniform, and data rates in excess of
60 KHz were measured as far downstream as 7 jet diameters. It was found,
however, that the alumina particles would migrate into the control room and
adjacent laboratory space. The serious health hazard posed by the fine alumina
dust prevented use of this particle generator.

By far the safest seeding material is water, since the water droplets
eventually evaporate. Yanta et al (Ref. 58), for example, used water droplets
to seed a supersonic flow. The most efficient method of generating water
droplets is the process of atomization. Liquid is drawn into the low pressure
region of a high speed jet flow, and the shear action of the flow breeks off
small droplets. The size and concentration of the particles is a function of
the jet velocity and the position and diameter of the liquid supply line.

To assure a large particle concentration, the jet must possess a
large injector effect. This can be achieved with a high speed jet, making it
necessary to find the best compromise between efficiency and minimal noise
generation. It was found that the nozzle of the atomizing jet could be very
small without affecting the particle concentration. The small jet diameter
assured that the atomizer would radiate a negligible amount of noise; as is
suggested by the U°DZ2 acoustic power law. The final design is illustrated in
Fig. 3.7. The atomizer consists of a miniature jet connected to a variable
high pressure air supply. The liquid supply line is terminated in a No. 19
stainless steel hypodermic tube and positioned along the jet axis until optimum
seeding conditions have been reached.

The procedure is one of trial and error. The air jet has a suffi-

ciently large injector effect to allow the particle generator to be self starting.

The seeding generator is placed in the upstream end of the model jet plenum.
In static tests the plume of the minijet spread to the walls of the plenum in
a distance of 30 ecm. This is not expected to be much different when the model
Jjet is turned on.

The heavier droplets settle more quickly, strike the walls of the
plenum, and are collected in two drains. The atomizer fluid is stored in an
airtight glass jar outside the plenum. A pressure equalization line maximizes
the pressure drop between the reservoir and the miniature jet. Based on the
amount of water collected in the drains, it is estimated that the atomizer
has an efficiency of 70%. There is also some loss due to evaporation, reducing
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the efficiency. Nevertheless, data rates were found to be consistently above
20 KHz at all locations where velocity measurements used in the cross-
correlations were performed. The overall water consumption was 3.31/hour.

3.2 Analog Squaring Module

3.2.1 Non-Ideal Behaviour of Analog Multipliers

An analog multiplier was used to compute the signal proportional to
uxa(z,t) . A typical analog multiplier in the squaring mode is described by
the equation:

.l
oL 2
Vo1 W) YT (3.9)

where Vy is the input voltage and V2 the output voltage. The second term is
often referred to as AC feed-through. The factor y is a function of frequency
and signal amplitude.

Even high performance multipliers suffer from AC feed-through. In
maeny instances the non-ideal behaviour can be tolerated as a negligible error.
This does not apply to cross-correlation experiments. The input voltage Vy
is proportional to the velocity ux(x,t), the constant of proportionality being
the sensitivity of the transducer system:

V, = Ky w(3,0) (3.10)

The cross-correlation function of V o and the pressure signal Vy is:

&l 2 0 —
vuzvp T 10V kuakp Pty kuk'p or UeP (3.11)

and the cross-spectral density function is:

= ._J;_ - -
q;vuavp 157 kuzkp q;uxap(w) iy kukpw ?, ¥

In order to assure a good estimate of %@P("’) , the leading term must dominate
at all frequencies:

(w) (3.12)

x % 2p(w)
1_o'uv _X(E)" >> (3.13)
Pa X
From theoretical considerations it can be shown that

Py 2p(w)
—x-(a)-— = 2Ux3 (w) (3.1’4)
Pu P
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where ¥(w) is the ratio of the self and shear noise spectra. If the inequality

kqu 2VUX
2 o7 ?(m) = Tov F(w) > (3.15)

is not satisfied, then the estimate of the ‘cross-spectra.l density ‘Puxzp as well
as the crogs-correlation Rusz will be in error.

3.2.2 Squaring Circuit

As discussed above, analog multipliers are not ideal elements, but
suffer from AC feed-through. After testing several other models, a Burr-Brown
4206 multiplier was selected on the basis of good AC feed-through rejection.
In order to assure that the criterion stated in Eq. 3.15 is always satisfied,
the performance of the multiplier has been improved. The AC feed-through can
be eliminated if a signal equal to -y /ot (Vy) is added to the output of the
multiplier. As 7 is a function of signal amplitude, one can only hope for
limited success. The circuit diagram of the squaring module with AC feed-
through correction is shown in Fig.  3.8. The multiplier has least error, when
it is operated in a negative quadrant (Vx-Vy is always negative). The basic
squarer is built up from a buffer amplifier Q) and a unity gain inverter Q2
connected to the X and Y inputs of the 4206 respectively. A differentiator
followed by a varisble gain amplifier (Q3 to Q5) computes the error signal to
be added to the output of the squarer. gumming amplifier Qg performs the
addition. Switch S allows the basic squarer to be adjusted independently of
the error compensating network. A relative improvement of 10 dB is achieved
ove;' a wide range of frequencies, when the system is properly trimmed (Fig.
3.9).

3.3 Acoustical System

3.3.1 Anechoic Room

All measurements were performed in the anechoic room at the University
of Toronto Institute for Aerospace Studies. The anechoic room has dimensions
hox2.9x2.1 3 between the tips of the fibreglass wedges which have a wedge
depth of 20 em. A .32 mm thick lead sheet provides extra transmission loss
for external sound that may be transmitted through the concrete walls. The
cut-off frequency of the room (defined by deviation from the 1/r law) is approxi-
mately 300 Hz. The background noise level is less than 28 dBA.

A fibreglass lined duct (.75 x .75 o cross-sectional area) serves as
an exhaust for the model jet installed in the anechoic room. All equipment is
wrapped in fibreglass, to eliminate excessive reflections. A detailed description
of the anechoic room can be found in Ref. 59.

3.3.2 Model Air Jet

The model air jet used in the experiments is capable of producing
nozzle velocities from 10 m/sec to 300 m/sec. The nozzle has an exit diameter
of 1.91 em (3/4 in) and the area ratio (the square of the ratio of the plenum
diameter most upstream of the nozzle and the orifice diameter) is 110. The
nozzle contour has been designed to provide slug flow at the orifice (Ref.
59). A 1 m long steel pipe acts as a plenum.
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The model air jet is connected to a fibreglass-lined muffler in
the control room via a flexible air hose. The muffler isolates the jet from
an adjustable two stage pressure regulator. A compressor supplies 7O to
100 psi air to the system. The compressed air is passed through a water trap
and regulated down to 60 psi by the first regulator stage. The second stage
is a Fisher Type 99 Regulator with feedback stabilization. Cross-correlations
of the valve noise of the regulators and the jet noise indicate that the muffler
and the flexible air line provide complete acoustic isolation from valve noise.

The static pressure upstream of the nozzle is monitored by a mercury
manometer. All cross-correlation experiments were performed at a static head
of 50 mm Hg, corresponding to a jet velocity of 105 m/sec.

3.3.3 Microphone System

A Bruel & Kjaer 1/2" condenser microphone served as the pressure
transducer. The 1/2" microphone type 4334 is the best compromise between
sensitivity (12.5 mV/Pa) and frequency response (4 Hz to 40 KHz). The micro-
phone is coupled to a Bruel & Kjaer 2619 FET preamplifier driven by a Bruel &
Kjaer 2801 microphone power supply via a special low capacitance 10 m extension
cable. A 2.5 m long balanced aluminum T beam supports the microphone and
preamplifier assembly. The microphone boom can be rotated about its vertical
axis which is aligned with the jet centre line and the nozzle exit plane. The
microphone is located in the horizontal plane of the jet at a distance of 1.60 m
from the jet nozzle and at an angle of 4O° to the jet axis, when cross-correlation
experiments are performed. The average time delay between the time of emission
of the signal in the jet flow and reception at the microphone is 4.5 msec.

Careful attention has been paid to eliminate ground loops caused by
possible electrical contact of the microphone system with its metal supports.
A Keithley Model 102 B decade isolation amplifier boosts the low level micro-
phone signal by a factor of 80. The 1/2" microphone limits the overall
frequency response to be 4 Hz to 4O KHz.

3.4 Hot Wire Anemometer

A Thermosystems TSI 1034 A linearized anemometer was used to measure
the turbulence and the mean flow characteristics of the model air jet. These
measurements served as reference data. The anemameter has a frequency response
from DC to 16 KHz, measured by the sine wave method (Ref. 60). All measurements
were performed with hot film probes type 1210 AG - 10 featuring a .0254 mm
sensor diameter and a 1.27 mm sensor length. These particular probes have been
developed by Lee (Ref. 61) and reduce the probe flow interference found in
conventional short stem hot film probes.

The water trap of the air supply to the model jet does not remove
very small oil droplets that are picked up by the air in the compressor stage.
The particle concentration is not significant; however, when a hot film probe
is exposed to the jet flow for an extended period of time, it is covered by
a baked-on oil film. After use, the sensors were cleaned with a fine brush
dipped in Varsol; the solvent combined with a gentle brushing action removed
the oil film. The hot film probes are surprisingly rugged and can stand up
to repeated vigorous cleansing.
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3.5 Signal Processing Instrumentation

Two principal computation instruments were used during the inves-
tigation: a Princeton Applied Research 101 Correlation Function Computer and
a Spectral Dynamics DSP 360 signal processor.

3.5.1 PAR 101 Correlation Function Computer

The PAR 101 is a hybrid (part analog, part digital) instrument that
computes a running time average of 100 lag products. The result is an estimate
of the correlation function at 100 equally spaced points in the time span
T =To to 1 =Tg + T. The precomputation delay To can be varied in integral
steps of T, the delay range. The integration time of the RC averagers is
adjustable. In order to be able to measure correlations as low as .005, it
is necessary to use a 400 sec integration time and wait for at least 4 time
constants befrre sampling the output. The inherent noise floor of the instru-
ment makes it impossible to detect correlations with correlation coefficients
less than .002.

3.5.2 Spectral Dynamics Digital Signal Processor 360 (DSP 360)

The DSP 360 is a two channel fast Fourier transform computer capable
of performing cross-spectral density and cross-correlation function estimates.
This particular instrument became available in the later stages of the investi-
gation. All Laser Doppler Velocimeter based measurements were analyzed with
the DSP 360.

The fast Fowier transform computer estimates the cross-spectral
density directly (Appendix C), resulting in a significant decrease of compu-
tation time, when compared to the method employed by Lee (Ref. 61). Memory
limitations restrict the number of averages that can be performed on the
output data to 4096, equivalent to a 100 sec averaging time, when a O to 12
KHz analysis range is selected.

Despite the averaging, the cross-spectral density functions were
not free from noise. It was found that the cross-spectral density estimates
could be analyzed with least error, when they were displayed in an 1litude-
phase angle format. Such a display allows direct multiplication by fe, if
the function is plotted against logarithmic frequency.

For computational reasons, the analyzer uses only helf the amount
of data, when estimates of correlations are being computed. The decrease is
effective averaging time brings about a poorer signal to noise ratio for the
cross-correlation functions.

3.5.3 Ancillary Instrumentation

In order to be able to normalize the correlation functions, the
RMS voltages of the input signals must be known. The input voltages to the
correlation computers were measured with two Bruel & Kjaer 2417 Random Noise
Voltmeters, each with a 100 sec integration time. The RMS voltages also
served as a check on possible drift in the measuring instrumentation. The
computed correlations and spectra were drawn by a Mosely 2D4 X-Y recorder.
The hard-copy output data formed the basis for further data analysis.
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4. EXPERIMENTAL CONSIDERATIONS AND CROSS-CHECKS

Before attempting to measure the cross-correlations and cross-
spectral densities, it is necessary to account for mechanisms, other than
described by the theory, that are capable of affecting the cross-correlations/
spectra. Some of these can be minimized, others, hopefully, are not signifi-
cant. The main sources of error that are likely to occur during the
estimation of the functions Ruxp(g'c,_sr,-r), Ruxzp(?f’_l,”'r): %xp(g,_z,w), and

Q)ux2p(2§,_¥,h)) are:

(i) distortion of signals by the transducers and amplifiers,

(i1) distortion of sound waves by propagation through a turbulent
shear flow,

(iii) spurious sound generated by the seeded flow.

L.1 The Effect of Transducers and Amplifiers

The computation of the cross-correlation functions and the cross-
spectral densities is performed with electrical signals (voltages) that are
near replicates of the physical quantities they represent. Ideally a trans-
ducer should convert a physical property of a medium into an electrical signal
for all possible states of the particular property being measured. This
requirement dictates that the transducer have a flat response over all frequen-
cies, an infinite dynamic range, and be free of noise.

A practical compromise is to use transducers that have a smooth
frequency response at least one decade beyond the lowest and highest frequencies
of interest to the experimenter. The transducers must be operated well within
their dynamic range, in order to minimize electrical noise and signal clipping.
Similar considerations apply to amplifiers.

The action of a transducer is analogous to passing the signal to be
measured through an electrical network. For a linear transducer, the electrical
network is made up of passive components such as resistors, capacitors, and
inductors; all amplifiers are assumed to be ideal. The output of such a
transducer is given by:

g(t) = f n(Q) £(t - &) o (4.1)

where f(t) is the physical quantity being measured, and h(t) is the impulse
response of the equivalent electrical network of the transducer (Ref. 62). For
an ideal transducer h(t) = A 5(t).

The cross-correlation of the output signals of two dissimilar trans-
ducers measuring f£3(t) and fo(t) respectively is:

SO &7 = [ 5@ £t - @) () (e - 7 - B) e

R GE-CEACE: CErmr R (D
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The correlation function of the process £1(t) f2(t - ) is distorted by the
action of a double convolution. The degree of distortion depends on the
nature of hj(t) and ho(t).

The cross-spectral density on the other hand takes the form:

iw'rd

T

g8 (@) =\[‘sl(t) &t -1) e

- [ wamse) T TE 7B way U T0) LuloB)y g

= (W F(w) o g, (0) (4.3)

The cross-spectral density qp £ (w) of the process is modified by the product
of two transfer functions whith“are the Fourier transforms of the respective
transducer responses. A good transducer will be 'flat' over some bandwidth
of B Hz, and the amplitude of the measured cross-spectrum, i.e. lqaglgz(w) [

will be a good estimate of |pf, r,(w)| over the frequency range where [ (whS(w) |
is nearly constant.

The effect of severely mismatched and slightly mismatched transducers
is 1llustrated in Figs. 4.1 and 4.2. The case of severe transducer mismatch is
modelled by a 'C' weighting network and a 1/3 octave filter centred at 1.6 KHz.
The signals to be measured are generated by a cammon random noise source. The
cross-correlation of the process has two interesting properties: the correla-
tion function 'rings' at the filter centre frequency, and the envelope of the
measured correlation peaks near .3 msec time delay; the cross-correlation that
would be measured if the transducers were ideal is symmetric and has a maximum
at zero time delay. Even a slightly mismatched transducer pair, as represented

t(>y 'C'ham)i 'B' filters will cause some distortion of the correlation function
Fig. 4.2).

The cross-spectral density estimates can be interpreted much more
readily, since the frequency response of the transducers simply multiply the
cross-spectral density to be measured. It is more difficult to account for
the effect of the double convolution. For this reason it is preferable to
analyze data in the frequency domain. An added benefit is that n fold differen-
tiation with respect to time is equivalent to multiplication by (-iw)? in the
frequency domain.

When the signals to be analyzed are broadband in nature, the range of
time delay for which the correlation is significantly greater than zero is of
the order of 1/B, where B is the signal bandwidth. For small correlation
coefficients the important details of the correlation functions will be buried
in instrument noise, resulting in a poor estimate. The cross-spectral density
function of the sa e process is not immune from noise, but the estimate of the
cross-spectral dens.ity is much less sensitive to noise s since it extends over
a wide range of B Hz.
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4.2 The Effect of Sound-Flow Interaction

The sound generated by the turbulent fléw must travel through
turbulence as well as a mean velocity gradient before reaching still air.
The mean velocity gradient refracts the sound away from the jet axis (Ref.
13). If the field position of the observer is more than 40° from the jet
axis, then the effect of refraction is minimal. Scattering of sound by
turbulent flow is always present. As a result of the interaction with
turbulence, the sound wave emitted by a source in the jet flow will suffer
a Doppler shift. The shift is random because of the randomness of the tur-
bulence in space and time. The overall effect will be a spectral broadening.
The analysis of the scattering problem is rather complex (Refs. 63, 64, 65),
and it is more expedient to perform a controlled experiment that allows one
to assess whether or not refraction and turbulent scattering are significant
sources of error in the estimation of the cross-correlation and cross-spectral
density functions.

The experimental arrangement of the test is similar to the one
employed by Atvars et al (Ref. 13) in the study of refraction of sound by a
jet flow (Fig. 4.3). An omnidirectional point source was placed in the jet
flow field and driven by a pure tone signal. The sound received by a micro-
phone in the far-field was then compared to the input signal. The relative
amplitude and phase of the input and received signals were measured for
several jet velocities (67, 9%, 132 m/sec), source positions (y1/D = 2, 6;
r/R = 1) and microphone positions (-20° to 90°). The microphone signal was
filtered by two narrow band frequency analyzers that were trimmed to zero phase
error at the signal frequency. A PAR 129 lock-in amplifier served as a phase
detector and RMS meter. The bandwidth of the detection system was measured to
be .1 Hz.

The RMS output voltage of the lock-in amplifier is a measure of the
peak amplitude of the correlation between the signal emitted by the point
source and the sound received by the observer. The narrow bandwidth of the
detection system effectively eliminates any uncorrelated noise signals.
Changes in the RMS output can be caused by a combination of an altered
directivity pattern (refraction) and spectral line broadening (turbulent
scattering). It can be argued that the amount of turbulent scattering is
governed by the ratio of the mean turbulence scale and the wavelength of the
incident sound. The ratio is proportional to D/A; D is the jet diameter.
Values of D/A at the three test frequencies (.069 at 1250 Hz; .139 at 2500 Hz;
.278 at 5000 Hz) suggest that the high frequency sound will be subject to more
intense turbulent scattering. Refraction will result in a redistribution of
acoustic energy in space, but the frequencies will be preserved.

The propagation of sound through the turbulent shear flow may also
be accompanied by a change in the travel time of the signal which is equivalent
to a change in the relative phase of the signals. The phase measurements are
very sensitive to small temperature fluctuations T = Tgmn + AT and frequency
drift f = fo + Af:

2-(f-42)
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The reference test case (no flow) was repeated after each parameter change
to minimize the error in the phase measurements. Frequency drift was held
to .1 Hz/min by the use of a stable oscillator.

The measurements are relatively insensitive to changes in the
position of the source (this was also found by Atvars et al). The change in
arrival time is governed by the microphone position, jet speed, and source
frequency (Fig. 4.4). At 40° to the jet axis, the change in arrival time is
less than .02 msec. Such a shift in time delay cannot be detected if the basic
delay increment of the correlator is .08 msec, as is the case when the cross-
correlation functions Ryup(x,y,r) and Rux2p(2;,_¥,'f) are being measured.

Amplitude changes are also functions of microphone position, jet
velocity, and source frequency (Fig. 4.5). As expected from the early
refraction experiments and the scaling outlined above, the low frequency
components (1250 Hz) exhibit little, if any, measurable change in amplitude.
Mid-frequencies (2500 Hz) appear to be refracted at small angles to the jet
axis, with signal recovery at larger angles. The increase in the RMS level
is swall, as the refracted energy is spread over a much greater area. High
frequencies (5000 Hz) suffer the largest amplitude changes. There is no
complete recovery, even at 90° to the jet axis. Apparently the turbulent
scattering has broadened the spectrum of the pure tone to such an extent
that it contains significant energy outside the effective narrow band filter
made up of the two ganged filters and the lock-in amplifier.

Even though the line broadening is significant for the high
frequencies, it cannot be detected by the fast Fourier transform analyzer
which is operated at a frequency spacing of 24 Hz, when cross-spectral densities
or cross-correlations are computed. The effective frequency spacing of the PAR
correlator is of similar magnitude. The results suggest that the sound propa-
gation through the turbulent jet flow will not affect the estimates of the
cross-correlations and cross-spectra for the frequency range of interest.

4.3 Jet Flow Field

A series of measurements was performed with the hot wire anemometer
to determine the character of the jet flow, and to identify any possible
discrepancies from typical jet flow behaviour. The parameters of interest
are the mean flow distribution, the turbulent flow distribution, and the
turbulence spectrum. Figure 4.6 illustrates the mean velocity profiles
U1(y1,r)/U; and the turbulence intensity profiles V\T]_z'(yl,z)/u as a function
of distance y1 from the jet nozzle. The potential core of the jet extends to
four diameters downstream of the nozzle , and the mean velocity profiles in
the transition region exhibit the typical Gaussian shape (Ref. 66).

In the mixing and transition regions the radial profiles of turbulence
intensity peak near the r/R = 1 position. The high turbulence levels gradually
diffuse from a narrow ridge centred sbout r/R =1 and 'fill in' the region of

low turbulence near the jet axis, as is shown by contours of equal turbulence
intensity (Fig. 4.7).

A typical turbulence spectrum (Fig. 4.8) is flat to some critical
frequency f(y1,r) and then decays at a rate of about 6 dB/octave. No measure-
ments were performed for axial positions greater than y1/D=7. The jet flow
was found to exhibit the characteristic features of a 'typical' jet (Ref. 67).
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4.4 Jet Noise

Nossier and Ribner (Ref. 37) have devised a method which allows
one to extract the self and shear noise spectra, as defined in the Ribner
theory, directly from far field jet noise spectra. The procedure relies on
the different directivity patterns and spectral contributions of the self and
shear noise. :

Consider the simplified self and shear noise model with mean square
shear noise sound pressure proportional to:

S L dy.

> 1 d 4y, %,
Per(x) @ U (y))U, (v,) = v (y;,80u (y,,t-
SH('I Ix |f bt I ) D x'51 X -¥2 T) s c;l(yz"_y'l) X LJS

” (4.5)

The two point velocity correlation differs from zero only in a correlation
volume . The shear noise will scale as:

2 4
ng(%c) a TllT,r U, ux2 fom 13 Vigp (4.6)

where fgy is a characteristic shear noise frequency. Ux2 may be approximated
as Up? cos2g.

Similarly the mean square self noise

G L dy. dy.
2 1 o 2 2 132
ver @ 57 [ 3 w il TR (427)
SF("P X a_r X Sl X 2 yz-yl) .2; col ll(,' 1
scales as
Pap(x) o ]‘T:lc (%)? fléF il - W
iwt

A spectral component e of the shear noise will upon squaring
become 2wt~ Hence as a first approximation: fgp = 2fgy; for a random
process the frequency shift depends on the statistics of the process and may
not be equal to 2.

The shear noise, therefore, is expected to exhibit a dipole-like
(cos?g) directivity and dominant frequency fgy, and the self noise should be
omnidirectional with dominant frequency 2fgy. At 90° to the jet axis, there
is no shear noise contribution, allowing one to estimate the self noise.

A more rigorous analysis due to Ribner (Ref. 10) is based on a two

point correlation model with postulated statistics and accounts for source
motion. The central results of his analysis are:

25




2 2
Pp (CS) = { Pgg(C5) + Oy (0S) 251+ cos ©) } ¢ (4.9)

C = convection factor [(1 - M cos ) + OlaMca]l/ 2
S = Strouhal number fD/UJEI
@ = power spectral density

The overall jet noise spectrum measured at an angle 0 to the jet axis (outside
the zone of refraction) is the sum of a self ﬂ.nd shear noise spectrum. ‘The
effect of convection is a downstream bias (C-*) and a Doppler shift (CS).
Furthermore, the model predicts that the self and shear noise spectra are
similar but with the self noise shifted by one octave

The amplitude factor P is predicted to be 2.

If the self and shear noise theory is not a valid description of the
jet noise, then any attempt to cast the jet noise spectra into the form of
Eq. 4.9 would result in a non-unique shear noise spectrum. Nossier and Ribner
(Ref. 37) have tested the self and shear noise model against experimental jet
noise data and have found that the shear noise spectrum is unique and conforms
to the notion of Eq. 4.10, namely that the self and shear noise spectra match
and exhibit nearly an octave shift. These results support the major predictions
of the theory and lend credibility to the existence of shear noise.

The basic self noise spectrum can be estimated from jet noise measure-
ments at 90° to the jet eﬁis. At angles other than 90°, the self noise is
changed by convection [C-*¢(CS)] in a predictable manner. Thus the shear noise
spt)actrmn can be extracted by an algorithm formulated by Nossier and Ribner (Ref.
37):

oy
(psm(cs) = 0900 ngoo(cs)
(4.11)
2 I 4
cs) = ¢ CS) = Cane (cs
(pm( : cosae(l+cos26){ ¢ <Ppe( ) o cpp9O° )}

Figure 4.9 shows plots of Ppg° for three different far-field micro-
phone positions at a constant jet velocity of 105 m/sec. The spectral pesk
moves toward the lower frequencies for decreasing angles with the jet axis
(reverse Doppler shift). The measurement at 6 = 90° contains some error, as
the microphone was just 15 cm away from the nearest fibreglass wedge, bringing
about same low frequency enhancement. The over-estimation of the low frequency
components of the self noise leads to a reduced shear noise estimate.
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The self and shear noise spectra, calculated on the basis of Eq.
4.11, are plotted in Fig. %.10. The ratio of the peak spectral amplitudes
of the self and shear noise is 1.71, and the ratio of the peak frequencies
is 1.36. Nossier and Ribner (Ref. 37) have found that a large body of jet
noise data exhibits a one octave shift between the self and shear noise spectral
peaks. A T%h increase in the peak amplitude of the shear noise, for example,
would shift the spectral peaks sufficiently far apart, and the peak frequency
ratio would be closer to 2. Even without these hypothetical corrections, the
estimates compare with spectra computed by Nossier (Ref. 68), from published
jet noise spectra of a 1.52" diameter jet at jet velocity of 122 m/sec (Fig.
4.11). The self and shear noise spectra extracted from far-field measurements
serve as reference data for the self and shear noise estimates to be computed
from the cross-spectral densities q’uxp(ﬁ’l’“) and %xzp(g,_x,w) .

4.5 Laser Doppler Velocimeter Performance Checks

The operating characteristics of the Laser Doppler Velocimeter (LDV)
are described below. The overall performance of the LDV is good, and an
accurate description of the fluid motion can be obtained, subject to the
limitations inherent in the measuring technique.

4.5.1 Beam Intersection

After the initial alignment of the optics was completed, the beam
intersection was double-checked. It is difficult to detect small alignment
errors, as the beam diameter is about 1 mm. When a test objective is placed
at the beam intersection, it is possible to view a magnified image of the probe
volume on an opaque screen (Fig. 4.12). The position of the intersecting beams
is adjusted until the cross-section of the fringe pattern becomes circular.
Under these conditions the test section is an ellipse of revolution with major
axis 10 mm and minor axis 1 mm. Compared to the sensing elements of the hot
film probes used to survey the jet flow (Sec. 4.3), the measuring volume
has increased by a factor of 300. The upper velocity limit of the LDV system
in the present configuration is 150 m/sec, well above the jet exit velocity
of 105 m/sec.

4.5.2 Measurement of Jet Velocity

The LDV probe volume was located at y1/D = 2 inside the potential
core of the jet, and the output voltage of the processor was measured as a
function of the orientation of the probe volume with respect to the jet axis.
The normalized velocity U(6)/U(0) is described by the function cos6. There
is good agreement between the measurements and the hypothesis (Fig. 4.13).
For angles greater than 60° data validation is affected by the small number
of particles that cross at least eight fringes in the probe volume. Eventually
an orientation is reached (dead angle) for which no particle crosses eight
fringes, preventing the processor from computing a velocity estimate.

The spatial resolution of the LDV is determined by the extent of the
probe volume. If there is a significant change in the mean flow wvelocity in
the span of the probe volume, then the DC output voltage will be the average
mean velocity in the probe volume. [The determination of the mean velocity
in the presence of a shear flow across the probe volume is controversial
(Refs. 69, 70); however, if the shear is small, then there cannot be a large
error no matter which method of mean flow estimation is used.]
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A more serious problem is the creation of a spurious turbulent
velocity component. This phenomenon, caused by the sampling of single particle
velocities, is not found in hot wire anemometers, where the heat transfer rate
is automatically averaged by the sensor. In a turbulent shear flow the experi-
menter cannot identify whether the fluctuating signal is caused by an apparent
turbulent velocity or a real one. The ambiguity is of no significance in cross-
correlation experiments, as the two velocities are real physical quantities. Any
small shift of the measuring point within the probe volume cannot be detected.

The presence of an apparent turbulent velocity due to mean shear will
increase the turbulence intensities and broaden the region of peak turbulence
intensity that is found near r/R = 1 (Fig. 4.14). The LDV based mean velocity
profiles agree with the profiles measured with the hot wire anemometer (Fig.
4.15). The difference in the turbulence intensity profile can be explained by
the presence of mean shear.

4.5.3 Effect of the LDV Processor on the Turbulent Velocity Spectrum

The DISA 55190 processor camputes the speed of a single particle
and stores the value in the output memory, until a new valid speed has been
measured. The output of the processor resembles a staircase with random step
height and step length (Fig. 4.16). The sampling theorem (Réf. T1l) states that
no information is lost if the digitization rate (here the data rate) is at
least two times the highest frequency of interest. The upper frequency limit
was chosen to be 10 KHz, in order to allow for data rate fluctuations near the
boundary of the jet flow. The peak frequency radiated by the jet is about 2 KHz,
at least 2 octaves below the upper frequency limit. The average data rate
observed during the cross-correlation/cross-spectral density measurements was
greater than 20 KHz, the Nyquist frequency for a 10 KHz spectral analysis range.
When the data rate is artificially decreased (by attenuation of the output of
the photomultiplier), the high frequency estimate of the turbulence spectrum
is reduced (Fig. 4.17). For the case of high data rates (in excess of 20 KHz),
the power spectral estimates compare with the ones computed from hot wire
anemometer measurements (Fig. 4.18). The effect of the data rate on a single
frequency component is analyzed in Appendix E.

The previous tests support the assertion of Cliff et al (Ref. 72),
namely that LDV and hot wire anemometer measurements are compatible.

4.5.4 Mass Addition Due to Seeding of the Flow

In order to assure data rates that are consistently greater than
20 KHz, water droplets must be added to the jet flow at a rate of .64 gm/sec.
The mass of the seeding particles increases the fluid density. As the droplets
have virtually no kinetic energy when they are injected into the plenum, the
Jet velocity must decrease. The droplets may also affect the turbulence
structure and can attenuate high frequency sound (Ref. 73). Based on the
increase in mass, one predicts a 6% change in flow velocity and a 2 dB change
in the radiated sound pressure level; the latter is confirmed by measurement.
The power spectral density of the jet noise should exhibit a 6% shift toward
the low frequencies (as a result of Strouhal scaling fD/Uj), and a decrease
in spectrum level, which should be uniform, if the absorption due to water
vapour and droplets is negligible.
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There is a very slight excess loss for frequencies greater than
6.3 Kiz (Fig. 4.19). There may still be local changes in the turbulence
structure of the jet flow. Any significant change in the turbulence should
alter the near field pressure signature and the near-field far-field pressure
cross-correlations. There is no measurable change in the normalized cross-
correlation coefficients for the seeded and unseeded jet flow (Fig. 4.20).
The only effect of any consequence is the velocity defect that is caused by
the mass addition.

5. EXPERIMENTAL PROCEDURE

5.1 Field Points

Even though the contributions to the jet noise from a unit volume
of jet may change with position in the jet, the source pattern retains a top-
bottom symmetry. This property allows one to survey only field points that
are located in the upper two quadrants of a slice of jet, without losing any
information about the remainder of.the slice. The field points were located
on semicircles of radius R centred at y;/D = n, n = (3, 7). The jet nozzle
interfered with the Laser Doppler Velocimeter optics for n < 3. The coordinates
of the field points were chosen to be (y1/D, r/R, ¢) = (n, 1, mm/l); m = (0, 4).
A more camprehensive survey was performed at yl/D = 3 and 6, permitting a
better estimate of the contribution to the far field pressure from a typical
slice of jet in the mixing and transition regions of the jet (Fig. 5.1).

The sound pressure was measured at a single position 160 cm from
the jet nozzle and at an angle of 40O° to the jet axis. The location offers
the best cqmﬁromise between the detectability of the shear noise contribution
(cosae + costp) and errors due to refraction of sound by the jet flow.

5.2 Signal Handling

The signal processing schematic shown in Fig. 5.2 traces the paths
of the output voltages of the LDV and microphone systems. The output of the
Laser Doppler processor is split into three components. The DC voltage
Vux ~ (Ux) is measured by a calibrated digital multimeter. The turbulence
signal, available at the output of an AC coupled amplifier with a voltage
gain of 8, or a voltage proportional to the square of the instantaneous tur-
bulent velocity, reaches the input of the fast Fourier transform (FFT)
analyzer via a unity gain wide band filter (20 Hz to 4O KHz). The microphone
signal is passed through a similar wide band filter, but with a voltage gain
of 100. The cross-correlations and the cross-spectral densities are computed
by the DSP 360 FFT analyzer. The input voltages to the analyzer are measured
by two RMS voltmeters. The velocity and sound signals are passed through
nearly identical networks, thereby minimizing any spectral distortion due to
mismatched frequency response. The voltages that represent the various
physical quantities to be analyzed are defined by:

Vo, =k, U(y) v, = 8000k B(x,t)
Ty ™ 8ku ux(x,t) T .040 V/m/sec (5.1)
Va2 = %v k ° uxz(g,t) k) = .0125 V/N/nC
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5.3 Correlation Measurements

The majority of the cross-correlation functions were computed over
the delay range -12.5 to 12.5 msec. It was possible to identify the major
maxima of the cross-correlations, when several realizations (typically 5)
were plotted on a common hard copy output. The temporal resolution of the
cross-correlation functions could be improved by the use of a shorter delay
range and suitable precomputation delay. It was found, however, that the
decrease in averaging time brought about unacceptably large noise signals
that add to the low amplitude cross-correlations. The PAR 101 correlator
which possesses an integration time independent of the delay range could not
improve the pqQor resolution.

5.4 Cross-Spectral Density Measurements

The cross-spectral density estimates were affected by similar
signal to noise problems. The errors were minimized by displaying the
computed spectra in an amplitude phase [log |q>( )I, ¢°, ¢ = ta.n"l(ImCP/Req?)]
format. The logarithm .'compressed' the noise that a.dded to the signal and

allowed a reasonable estimate of the amplitude of the cross-spectral density.

In addition, the logarithmic format enhanced the dynamic range of the output.
memory of the FFT analyzer which-is limited to 12 bit words.

The analysis below shows that the phase information is not needed
in the estimate of the far field power spectrum, if the two point cross-
correlations that are proportional to the source strengths are symmetric.
Consider the auto-correlation of the far-field shear noise:

2 i
Rp () ~f -:? w (y,t) p(x,t - 7+ et - y) oy (5.2)
SHEAR v

The power spectrum is the Fourier transform of the auto-correlation:

& -1 iwt
Pp  (%5w) -[[B—TE Ruxp(_bf,ggﬁ “e, E-g e g ar

SHEAR
iwe "~ [x-y |
=[P g e ° 77 g (5.3)
xp -
where Qw(g:',y’,u) is defined by
uxp(g,y,w) —f u (y,t) p(x,t - 7) e ar (5.4)

-1
but ux(y',t) p(Xx,% - 7) has a maximum at T = -c, [35 - _;’r|. The function
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is assumed to be symmetric about T = -c;l x - y|, and

<Puxp(_3’r,§,w) = %Tr £(x,y,7 + otk - v T ar (5.6)
1 il 'i“’c;l -y |
¢u)cp(§’_¥,w) = -27.‘]‘ f(f:_y',T) e ar e s (5-7)
-1
-iwe " |x-y |
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3(3;,1,&) is wholly real, since £(x,¥,T) is symmetric sbout T = O.
Thus: i
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The FFT analyzer measures an approximation to JF(x,y,w) el¢, where,
theoretically, ¢ = -wco™l[x - ¥|. The output format thus allows implementation
of Eq. 5.9. A similar analysis may be performed for the case of the self noise.

The measured cross-spectral densities were processed by tracing a
smooth best fit curve on a translucent paper, placed over the hard copy drawn
by the X-Y plotter. After applying the f< correction to convert [%xp( ,x,u) s
cpuxgp(ﬁ,y’,m)] to [%xp(gc.,y',w), %xzp(g,‘}:,w)], the cross-spectral densities

were multiplied by 2Vy, and 1.25V respectively and plotted in a double logarith-
mic format. The amplitude scale is referenced to an arbitrary level, common to
all spectral measurements.

The volume integral that sums the contribution of all field points
to the power spectral density of the far-field pressure (Eq. 2.19) can be
rearranged to be more campatible with the measured data:

9yp(Xs1) = (8000 k) AR (5.10)

m (2,8) = —2 —a—%zpﬁ (8000 K )

£) = —Z—
<PVPVp 5 um02 h‘,l 81{.u he)
d“"1 w2 \ dA
o e = | Moy v | *1S5m ) | (5.11)
f {R([yl/n)“’o [ e “"ZP-]A} ’
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where A(yl/D) is the area of a slice of jet of thickness d y;/D and A is the
area of the jet at yl/D If the cross-spectral densities are of the form .

(p(f:z’f) = Q(f,y‘l,f) d(YQ’Y3) - £5.32)
then
f2 dA yl
k[ o2 Iy, v G0 { 2, (o Bagt

UI'_.Q:

2 . w
% ngg l%uxzvp(gg,_g,f) I{l-E‘BV d(¥) s (5.13)

where J is chosen %o be (y1/D, r/R =1, ¢ = 0). The integrals over A(y;/D)

compute the contribution of a thin slice of jet to the total power spectral
densities. In particular:

(5.14)

were estimated from detailed measurements at y;/D = 3 and 6. Values of D;
and Do at other stations were obtained by interpolation or extrapolation. The
Y1 integration along the jet axis is replaced by a summation with step size
&y1/D =

1l; thus:
1rp°f.02 8000 kPE\
vav e gczlx[ 8k2
PP o] u

{7 lq)v v (x’y f) I Dl(n) + '1:'2? IqDV V (x,y f) l Da(n)} . (5-15)
3

n—.

The above formalism is compatible ‘with Eq. 2.21 and was used to sum the contri-

bution of the field points in the jet to the power spectral density of V. p’ which
is directly proportional to cpp,p(ﬁ,w) :

The strongest aliases in the spectra of uy and ux2 are expected to be
in the range of 10 KHz and beyond (based on a 20 KHz data rate, see Appendix E);
therefore, the analysis range was chosen to span O to 10 KHz.
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6. RESULTS AND DISCUSSION

6.1 Cross-Correlations

The cross-correlations ux(y,t) p(x,t-1) and uxz(x,t) p(ﬁ,t-T) are
expected to peak near cal X=- i‘And décay rapidly with increasing T (Appendix
A). Measured correlations are largely obscured by noise, and only the peak
values can be determined with any degree of accuracy. The measurements are
repeatable, as is shown by Figs. 6.1 and 6.2. Each plot is a superposition of
40 realizations of the 'shear' and 'self' noise correlations respectively. The
increase of the noise at the extreme values of time delay is an artifact of the
built-in amplitude correction of the DSP 360 analyzer.

The self noise correlations Ruxzp(gaz,f) are similar in their temporal
behaviour over a cross-section of jet, and vary only in magnitude as the field
point location is changed. The shear noise correlations Ry, (§,y,7) possess &a
marked dependence on the position of the source point (Fig.xg. ); the behaviour
illustrated in Fig. 6.3 is typical for all field points. Cross-correlations
measured with the PAR 101 correlation function computer, which evaluates the
cross-correlation directly, exhibited the same features.

The self noise correlations peak at the expected time delay of
c51|§7z], whereas the shear noise correlations have peak amplitudes at about
.2 msec earlier (Fig. 6.4). The shear noise signal is apparently emitted by
the correlation volume prior to the velocity measurement at the source point.
Even though the shear noise correlation is influenced by the behaviour of the
mean flow distribution (Appendix A), no model has been found that can account
satisfactorily for the observed phenamena.

Shear noise correlations measured with a hot wire anemometer (Fig.
6.5) do not behave in a similar manner in that they do peak at the expected
time delay of cgl|x-y|. This result is compatible with the notion of probe-
flow interaction which appears to dominate the genuine flow noise generated
by the correlation volume that surrounds the probe (Appendix B).

The self and shear noise correlations are strongest along the line
r/R =1, ¢ = 0. The peak cross-correlation coefficients

u,p
A w2y 22 A w23y P

are the order of .004 (Fig. 6.6). The poor resolution of the cross-correlation
functions prevented any further data processing.

R (_},Cs_y’,'f) RquP(l(’_y',T)

(6.1)

6.2 Contribution to the Jet Noise from a Unit Volume of Jet

A set of measured cross-spectral densities ¢vu Vp(ﬁal’f) and
) X
qux2Vp(5lI’f) is shown in Figs. 6.7 and 6.8. The lower trace of each plot

is the amplitude of the cross-spectral density displayed in a 103421 format.
The upper trace represents the phase angle in degrees (-180° to 180°).
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Even though both the amplitude and the phase of the measured spectra
suffer from similar sources of error (mainly due to finite averaging times),
one can estimate the smooth amplitude of the cross-spectral density with some
confidence. Repeated measurements show that the error signals are random.

The linear display of the phase angle is very sensitive to error signals when
the phase angle of the cross-spectral density is near + 180°, and small pertur-
bations cause a large amount of jitter.

Data processing, as described in Section 5.4, converts the cross-
spectral densities to contributions to the self and shear noise spectra from
a unit volume of jet as shown in Figs. 6.9 and 6.10 respectively. The spectral
contributions and their peak frequencies are decreasing functions of the
distance from the jet nozzle. Contrary to speculation, a unit volume radiates
a broad-band signal; the peak frequency can be considered as the preferred
frequency. In the range y;/D = 3 to 7, the peak frequencies are approximated
by the empirical relations:

b
£ =<5.3- .uuD—>m{z

£ f1
e (.3°O - .20 5—-) KHz

The average peak frequency ratio foprp/foumar is 1.54. The cross-spectral
density measurements indicate that the self and shear noise contribution from
a unit volume of jet to the far field jet noise at 40° to the jet axis are
approximately equal.

(6.2)

6.3 Contribution to the Jet Noise from a Slice of Jet

In what follows, the terms source distributions and source patterns
are to be interpreted as source power densities and not as source strength
densities as used earlier, e g. on RHS of Eqs 2.4, 2 5, etc. The respective
self a?gzs§7gr2noise source strength densities are proportional to (dPuy/dt2)
and Ux(d<ux/ot<). On the other hand contributiopns from a unit volume to the
far-field acoustic power ﬁf&gw the forms (aﬂugzuiz/bfh) and (BkuxUkuiU;7afh)

ui?—)2 and wtu U 2

which scale as w*( x<, respectively.

The contribution from slices of jet at y3/D = 3 and 6 have been
computed from detailed measurements at a grid of field points. At a given
axial station, the spectra are similar in their frequency content and differ
only in amplitude (Fig. 6.11). After cross-plotting the data, contours of
constant source contributions can be obtained. The reference position in each
slice of jet is located at r/R =1, ¢ = 0°.

At y1/D = 3 the potential core (which should contain no sources)
is clearly defined. The source distributions of the shear and self noise
(Figs. 6.12, 6.13) are largely confined to the quadrants of jet closest to
the observer and are strongest along the circle r/R = 1. The source patterns
in the Proudman format are fixed to the vector x and move with the observer;
therefore the jet axisymmetry will insure that the mean square pressure is
axisymmetric. Because of the top-bottom symmetry only the upper portion of
the patterns are illustrated.
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There %s a close affinity of the source patterns to the functions
——éUke and (ux<) From a simplistic argument these may be considered to be
approximate indicators of the contributions* er unit volume to the far field
shear and self noise power. uy Ux and (ux<)2 are not axisymmetric, contrary
to the common assumption in noise models. The turbulence is not isotropic
and the mean flow not quite parallel to the jet axis; thus there will be a
biasing toward the observer at x. The role of the radial flow is indicated
in Fig. 6.15. The nominal source patterns do not behave exactly as the two
point velocity correlations that govern the sound generation, and therefore
are not one to one with the measured source patterns.

In the transition region the properties of the jet flow approach

the characteristic behaviour of a fully developed turbulent jet. The source
distributions are expected to become more symmetric about the jet centre line.
At yl/D = 6 both the self and shear noise source patterns are strongest in
the quadrants closest to the observer, with a pronounced bulge along the line
pointing in the direction of the observer (Figs. 6.16, 6.17). The mean
velocity distribution Uy gives the shear noise pattern a more circular

earance. As as the case on the mixing region, the nominal source patterns
Gﬁgbxz and are similar to the source distributions of the shear and self
noise respectively (Fig. 6.18).

6.4 Jet Noise Contribution from Field Points in the Region 3< ¥,/D 7

The overall self and shear noise spectra at L0° to the jet axis can
be constructed from contributions of radial slices of jet (see Section 5.4).
Figure 6.19 illustrates the spectral contributions from such slices in the
range y1/D = 3 to 7. As the cross-spectra were found to differ only in their
relative amplitudes at a fixed axial position the curves are similar to the
ones in Fig. 6.9 and 6.10 but with different magnitudes to account for the
overall emission from a slice of jet rather than a unit volume.

The total self and shear noise contributions from an individual
slice, which is directly proportional to the area under the corresponding
curves in Fig. 6.19, are nearly equal. The contributions to the far field
jet noise are decreasing functions of axial position in the range 3K y1/D< 7
(Fig. 6.20). The hybrid model discussed in Appendix A is shown for comparison.
The model source strength distributions are based on assumed frequency and
correlation volume scaling and measured nominal source patterns and agree
qualitatively with the normalized self and shear noise source strength distri-
butions deduced from the cross-spectral density measurements in the region
surveyed by the experiment, namely y% = 3 to 7. This particular region
appears to be responsible for about 40% of the total jet noise heard by an
observer at 40° to the jet axis.

* For the model discussed in Appendix A the respective self and shear noise
contributions to the power spectrum of the far field jet noise are of the
form (Eqs. A21 and A287*

dgp ~ (w2 w3l(w,y) ~ (4,92 6 T ()
d9gy ~ u,f 0,2 w* Fyly)

1f ¥ and J2 are invariant across a slice of jet, then the contributions
hg;ghg_self hear noise spectra are governed by the nominal source patterns
(uxe) Ux? respectively.
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The behaviour of several frequency bands (bandwidth 24 Hz) suggests
that the major part of the source distribution is confined to axial positions
less than y1/D = 10 (Fig. 6.21). Source location techniques such as employed
by Grosche et al (Ref. 74) and Fischer et al (Ref. 75) indicate that sources
as far downstream as 15 jet diameters contribute to the jet noise. These
tests were, however, performed at considerably higher Mach number than the
present experiments (Grosche: M = 0.7 and 1.0; Fischer: M = 0.8). Grosche's
results show that the source distribution migrates towards the jet nozzle as
the Mach number is reduced.

The source strength distributions of Fisher et al (Ref. 75) exhibit
a rather steep roll-off in the transition region of the jet. The rapid loss
of source strength is moderated by a slow asymptotic decay for yl/D > 8; thus
the axial source strength distributions deduced from the measured cross-spectral
densities may well be campatible with the ones that would be measured by an
acoustic source location technique. Acoustic telescope measurements of
Billingsley and Kinns (Ref. 76) appear to corroborate the present results.
Their tests were performed on a real (i.e. hot) turbojet exhaust, and the
correspondence is thought to be rather fortuitous.

The spectral contributions to the overall self and shear noise are
estimated by direct summation over all slices of jet that have been surveyed.
As was inferred above, only about 40% of the overall jet noise appears to be
accounted for; hence, the spectra predicted from the measured cross-spectral
densities are likely to underestimate the self and shear noise spectra which
have been extracted fram the far-field jet noise via the Nossier-Ribner
technique (see Section 4.4). Based on the behaviour of the sources contained
in the region yl/D =3 %o 7, it can be argued that sources downstream of the
axial position yl/D = 7 will contribute much of their energy to the low fre-
quency parts of the spectra, and the sources near the jet nozzle (y1/D < 3)
will add to the high frequencies.

The self and shear noise contributions to the overall jet noise
(in the present investigation only the observer position at 40° to the jet
axis is considered) can be estimated fram far field jet noise data via the
Nossier-Ribner algorithm (Ref. 37) or from cross-spectral densities as
measured herein. Both methods are consistent with Ribner's self and shear noise
model and, if the theory is valid, should result in identical predictions of the
self and shear noise spectra subject to experimental constraints. Should such
a closure be demonstrated, then the credibility of the theory, which is supported
by other evidence (for example: compatibility with the work of Mani, Ref. 23,
as demonstrated by Ribner, Ref. 24, theoretical two point far field pressure
correlations, Ref. 28) is strengthened.

The shear noise spectrum computed from measured spectral densities
and the shear noise spectrum extracted from the far field jet noise are
compared in Fig. 6.22. The shear noise contribution from the limited volume
surveyed by the experiment is comparable to the total radiated shear noise.
There has been no arbitrary fit of the spectral amplitudes: the direct
sumation described by Eq. 5.15 has been performed. It was reported earlier
that the 'shear noise correlations' exhibited a marked change over a radial
slice of jet; such a change takes the form of a phase angle ¢(x,y,w), as the
frequency distribution appears to be unaffected by changes in the radial or
azimuthal position of the source point (Fig. 6.11). The estimate of ¢ is
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buried in the phase angle computed by the FFT analyzer. The shear noige
spectrum

-1
’ iwe " |x-y|
~ 2 1'¢(§:Y:“’) o "'X
) f o Uy o, xp(z,t,_y,w)l Lt Sl (6.3)
is approximated as
A 2
“opg (x,w) fw U (¥) lwuxp(zc,,_a'r,w)l dy (6.4)

where w(g,y,w) has been chosen to be -wco'l lx-yl. The correct phase angle is
cbscured by a large experimental error; in general Y(X,y,w) # -wco™d [x-y|. The
integrand in Eq. 6.4 is simply the absolute value of the integrand of the more
exact shear noise spectrum estimate given by Eq. 6.3. It can be shown with
the aid of the Schwartz inequality that the shear noise contribution, as
computed by Eq. 6.4, overestimates the spectrum. It is encouraging, however,
that the spectrum estimates are of a comparable order of magnitude. A longer
averaging time is likely to improve the definition of the phase angle w(g:,,y,m);
implementation of such a scheme requires a digital computer, which was not’
readily available to the investigator.

The self noise spectrum computed from measured cross-spectral
densities and the self noise spectrum extracted from the far field jet noise
(measuring the jet noise spectrum at 90° to the jet axis and correcting for
the Doppler shift and convection amplification to obtain the self noise estimate
at 40° to the jet axis) are shown in Fig. 6.23. The peak amplitude of the
predicted self noise spectrum is found near 3.15 KHz, whereas the self noise
spectrum computed from the far field jet noise via the 'Nossier-Ribner technique'’
has a maximum near 2.2 KHz.

The measured cross-correlations uxz(x,t) p(x,t-T), in contrast to the
shear noise correlations R, (gc.,x,-r) , have maxima at the expected time delay of
co L |3-y|; thus the phase angle introduced above can be set to -weo-l [x-y | with
no significant error, and the estimate of the self noise at 40° to the jet axis
can be treated with considerably more confidence than the corresponding shear
noige estimate. The energy content of the predicted self noise spectrum is
only 41% of the overall self noise spectrum. This figure is in good agreement
with the L4p% total energy contribution which was inferred from the behaviour
ofssthe @xial source strength distribution.

One form of Ribner's theory predicts that the shear and self noise
spectra have the same shape after an octave shift; the shift actually depends
on the form of the time correlation of the sources (Refs. 10, 77). In Fig.
6.24 the shear noise spectrum extracted from the far field noise has been
shifted in frequency and adjusted in amplitude until the spectrum nearly
matched the self noise spectrum. The best fit was found for a shift of 1.6.
The same frequency shift has been applied to the shear noise spectrum predicted
from the cross-spectral densities. After matching the peak amplitudes, it is
found that the two estimates of the frequency-shifted shear noise spectra fit
the corresponding self noise spectra, as predicted by the theory. Nossier and
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Ribner (Ref. 37) found that a large body of experimental j et noise data on
average exhibits close to an octave shift. The frequency shift appears to be
a weak monotonic function of jet velocity (Table I of Ref. 37), and thus the
?resent §esult is thought to be compatible with the one of Nossier and Ribner
Ref. 37).

For the sake of completeness, the overall jet noise spectrum measured
at 40° to the jet axis and the sum of the predicted self and shear noise con-
tributions, based on the cross-spectral density measurements performed herein,
are shown in Fig. 6.25. The apparent fit for frequencies greater than 2.5 KHz
is for the most part due to the overestimate of the shear noise spectrum.

6.5 Concluding Remarks

Over the years Ribner's self and shear noise model, an extension of
Lighthill's theory of jet noise, has been demonstrated to describe the major
features of jet noise (Refs. 17, 37, 28, 24), but direct measurement of the
postulated sources via a cross-correlation technique has met only limited
success. The spurious 'probe noise' generated by interaction of the turbulence
and the velocity sensor - the hot wire probe - is believed to be the major source
of error. In the present investigation the sources, which are proportional to
certain rates of momentum flux, have been measured by a 'remote' sensing tech-
nique made possible by a Laser Doppler Velocimeter that has been adapted to the
special requirements of the correlation measurements.

Cross-correlations and cross-spectral densities of the postulated
self and shear noise source terms and the radiated sound have been measured.
For radiation to the field point at 4O® to the jet axis, the effective instan-
taneous source patterns of the self and shear noise, as derived from the
crogs-spectra, show a marked deviation from axisymmetry. _Nominal source
patterns, proportional to ux2Uyx2 for the shear noise and (ux2)2 for the self
noise, are quelitatively similar to the measured source patterns. The effective
source patterns are observer oriented, and not fixed to particular jet flow
coordinates; this property assures that the overall radiated mean square sound
pressure is axisymmetric, even though the instantaneous sound pressure is not.

The self and shear noise spectra predicted from an aggregate of
cross-spectral density measurements of the postulated source terms and the
radiated sound are compatible with the self and shear noise spectra extracted
from far field jet noise measurements. The source region surveyed herein
(y1/D = 3 to 7) appears to radiate about 40% of the total jet noise heard by
the observer; therefore the predicted self and shear noise spectra are not
one to one with those extracted via the 'Nossier-Ribner' algorithm.

Both sets of self and shear noise spectra do match very nearly in
shape and exhibit a common frequency shift, and both sets have comparable
absolute spectral amplitudes; this behaviour is predicted by the theory. The
compatibility suggests that the theory is internally consistent and lends it
substantial further credibility.
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FIG. 3.1 MOIRE PATTERN MODEL OF THE INTERSECTION OF TWO COHERENT LIGHT
BEAMS. LINES MAY BE THOUGHT OF AS SURFACES OF EQUAL PHASE,
[REF. DURST, F., STEVENSON, W, H,, MOIRE PATTERNS TO VISUALLY
MODEL LASER DOPPLER SIGNALS, APPLIED OPTICA, VOL. 15, 1, PP.

137-1k44 (1976)]
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FIG. 3.2 SCHEMATIC OF THE DIFFERENTIAL MODE OF LASER DOPPLER SIGNAL
DETECTION, 'DOPPLER BURSTS' SCATTERED BY PARTICLES TRAVERSING
THE BEAM INTERSECTION ARE FOCUSED ON THE PHOTOMULTIPLIER
DYNODE.
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FIG. 3.3 PRINCIPAL OPTICAL COMPONENTS OF THE LASER DOPPLER VELOCIMETER.
THE LASER BEAM IS GUIDED TO THE BEAM SPLITTER; DOPPLER
SIGNALS SCATTERED BY PARTICLES IN THE BEAM INTERSECTION
(PROBE VOLUME) ARE FOCUSED ON THE PHOTOMULTIPLIER.

FIG. 3.4 LASER DOPPLER VELOCIMETER OPTICAL PACKAGE.




FIG. 3.5 LASER DOPPLER VELOCIMETER OPTICS AFTER INSTALLATION IN UTIAS
ANECHOIC ROOM.
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FIG. 3.6 SEEDING GENERATOR FOR .5 um ALUMINA POLISHING POWDER.
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RATIO OF THE RMS OF THE RESIDUAL FREQUENCY AT f KHz AND THE
SQUARED SIGNAL AT 2f KHz. NOTE THE f*1 DEPENDENCE OF THE
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FIG. 4.1 MODEL EXPERIMENT ILLUSTRATING THE EFFECT OF SEVERELY MISMATCHED
TRANSDUCERS ON THE ESTIMATES OF CROSS-CORRELATION AND CROSS-
SPECTRAL DENSITY FUNCTIONS.
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FI5. 4.2 MODEL EXPERIMENT ILLUSTRATING THE EFFECT OF SLIGHTLY MISMATCHED
TRANSDUCERS ON THE ESTIMATES OF CROSS-CORRELATION AND CROSS-
SPECTRAL DENSITY FUNCTIONS.
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FIG. 4.4 CHANGE IN THE TRAVEL TIME OF AN ACOUSTIC SIGNAL EMITTED BY
A POINT SOURCE IN A JET FLOW TO A RECEIVER AS A FUNCTION OF
POSIT ION RELATIVE TO THE JET AXIS.
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4 FIG. h.S NORMALIZED RMS LEVEL OF AN ACOUSTIC SIGNAL EMITTED BY A
POINT SOURCE IN A JET FLOW AS A FUNCTION OF RECEIVER POSITION
RELATIVE TO THE JET AXIS. REFRACTION IS THE MAJOR MECHANISM

THAT MODIFIES THE DIRECTIVITY OF THE RADIATION EMITTED BY THE
POINT SOURCE. (ATVARS ET AL, REF. 13)
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FIG. 4.6 MEAN VELOCITY AND TURBULENCE INTENSITY PROFILES OF THE UTIAS
3/4" MODEL JET (HOT WIRE ANEMOMETER DATA).
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FIG. 4.7 CONTOURS OF CONSTANT TURBULENCE INTENSITY —u:é/Um IN THE

JET FLOW.
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FIG. 4.8 TYPICAL TURBULENCE SPECTRUM OF w(y, t); y1/D = 6, r/R
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FIG. 4.9 FAR FIELD JET NOISE SPECTRA OF THE UTIAS 3/4" MODEL JET AT
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VARIOUS OBSERVER POSITIONS RELATIVE TO THE JET AXIS,

TO AN ARBITRARY LEVEL.

JET
VELOCITY 105 M/SEC, VERTICAL SCALE (LINEAR) IS REFERENCED




SPECTRUM LEVEL

FIG. 4.10 RELATIVE AMPLITUDES OF SELF AND SHEAR NOISE SPECTRA
COMPUTED FROM FAR FIELD JET NOISE MEASUREMENTS
(FIG. 4.9). ~--- SHEAR NOISE CONTRIBUTION AT Lo°
TO THE JET AXIS.
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FIG. 4.11 RELATIVE AMPLITUDE OF SELF AND SHEAR NOISE SPECTRA; RE-
PLOTTED FROM NOSSIER, [REF. 68, FIG. 10; ORIGINAL FAR FIELD
DATA: AHEYA, K. K., CORRELATION AND PREDICTION OF JET NOISE,
JOUR, OF SOUND AND VIBR., VOL. 29 (2), PP. 155-168 (1973);
JET DIAMETER 1.52", JET VELOCITY 122 M/SEC]
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FIG. 4.13 MEASUREMENT OF A VELOCITY COMPONENT OF A STEADY LAMINAR
FLOW. (FIELD POINT WAS LOCATED IN THE POTENTIAL CORE OF

THE UTIAS 3/4" JET)
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FIG. 4.14 TURBULENCE INTENSITY PROFILE OF THE JET FLOW AT yy/D = 6:
COMPARISON OF HOT WIRE WITH LDV.
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FIG. 4.15 MEAN VELOCITY PROFILE OF THE JET FLOW AT y;/D = 6:
COMPARISON OF HOT WIRE WITH LDV.
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FIG. 4.16 TYPICAL OUTPUT OF THE LDV PROCESSOR, THE LAST VALID
MEASUREMENT IS DISPLAYED UNTIL IT IS UFDATED BY A NEW
ONE .
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HENCE A REDUCTION IN SPECTRUM LEVEL.




0041 0,01

0024 y,/D=3  op2}
000 opohlo-‘qv"/‘ '
e 32 6 msec ol msec
-0,02

L
L=
1
o
o
o)
1 I
———

0,05 e 0,05 F

hﬁﬁ %

msec

010F 010
005} y,/ D=7 005}
000 0,00
2 6 msec 2 6 msec
-005} 0,05}
NORMAL JET SEEDED JET

FIG. 4.20 COMPARISON OF NORMALIZED CROSS-CORRELATIONS OF NEAR AND FAR
FIELD ACOUSTIC PRESSURES FOR SEEDED AND UNSEEDED JET FLOW.




MICROPHONE /D

SURVEY PERFORMED AT y,/D=3 TO 7

&3 1213 1/3 00 /30 273 4 413 /R
DETAILED SURVEY AT y /D=3 AND 6

FIG. 5.1 SOURCE POINTS SURVEYED,

S LASER DOPPLER DC
PROCESSOR VOLTMETER
PHOTOMULTIPLIER l
8 vux
vu* RMS
% l\ VOLTMETER
i@y /-\_ 1

20 Hz to
40 KHz l/
FFT
Vit ANALYZER

SQUARER
NG T
@ 80 100
//,/’_' 20 Hz to
40KHz RMS

MICROPHONE V. | VOLTMETER
SYSTEM 4

FIG. 5.2 SIGNAL PROCESSING SCHEMATIC.




SHEAR (Tp)

Jllllllllllllllllll LJlllJlllIlJ_lJIllll

-15 -10 -5 0 5 10 15 msec
TIME DELAY

FIG. 6.1 MEASURED CROSS-CORRELATION OF THE INSTANTANEOUS TURBULENT

FLOW ux(y, t) AND THE FAR FIEID JET NOISE p(x, t). SOURCE
POSITION: yy/D = 6, r/R = O.
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FIG. 6.2 MEASURED CROSS-CORRELATIONS OF THE SQUARE OF THE INSTANTANEOUS
FLOW ux“(y, t) AND THE FAR FIELD JET NOISE p(x, t). SOURCE
POSITION y1/D = 6, r/R = 0.
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FIG. 6.7 MEASURED CROSS-SPECTRAL DENSITY OF THE TURBULENT FLOW
ux(y, t) AND p(x, t). SOURCE POINT y;/D = 6, r/R =1,
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FIG. 6.8 MEASURED CROSS-SPECTRAL DENSITY OF THE SQUARE OF THE TURBULENT
FLOW uy' (x, t) AND p(x, t?. SOURCE POINT yy/D = 6, r/R = 1,
¢ = 135°; OBSERVER IS AT 40° TO THE JET AXIS.
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FIG. 6.14 NOMINAL SOURCE PATTERNS (T Uy> ~ SHEAR; (ux")- ~ SELF)

AT D = 3. THEMAXIMAAREFOUM)DITI{EIEIGHBOURHOOD
OF r/R =1, ¢ =0°. THEVELOCITYCOMPOMISINTHEX
DIRECTION (l+0° TO THE JET AXIS) HAVE BEEN MEASURED.




U)((Y ! Ur(l’)
0,10; ud0)
10F 40,10

¥
05 40,05
o U, i
8 U-
rﬂR-
R I e e [ At
-10 0,0 10 y,/R

FIG. 6.15 PROFILE OF Uy AT y3/D = 6. RADIAL FLOW U, IS AWAY FROM
THE JET AXIS.
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FIG. 6.16 CONTOURS OF EQUAL RELATIVE CONTRIBUTION PER UNIT VOLUME TO
THE OVERALL SHEAR NOISE FOR A SLICE OF JET AT D=6
NORMALIZED BY THE CONTRIBUTION FROM yy/D = 6, r/R = 1,
¢ = 0°; OBSERVER IS AT 4O° TO THE JET AXIS.
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FIG. 6.17 CONTOURS OF EQUAL RELATIVE CONTRIBUT ION PER UNIT VOLUME TO
THE OVERALL SELF NOISE FOR A SLICE OF JET AT y1/D = 6,
r/R = 1, ¢ = 0°; OBSERVER IS AT L40° TO THE JET AXIS.
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FIG. 6.18 NOMINAL SOURCE PATTERNS (Up Uy ~ SHEAR; (uxz)z ~ SEIF) AT

¢ D = 6. THE MAXIMA ARE FOUND IN THE NEIGHBOURHOOD OF
? ’ r/R =1, ¢ = 0°. THE VELOCITY COMPONENIS IN THE X DIREC-
TION (4O° TO THE JET AXIS) HAVE BEEN MEASURED.
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RELATIVE SOURCE STRENGTH
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FIG. 6.20 RELATIVE OVERALL SELF AND SHEAR NOISE SOURCE STRENGTHS PER
UNIT LENGTH AS A FUNCTION OF AXTAL POSITION; COMPARISON OF
EXPERIMENT AND A HYBRID MODEL PROPOSED IN APPENDIX A. THE
DATA HAS BEEN NORMALIZED BY THE RESPECTIVE VALUES AT y1/D = 3.
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FIG. 6.21 ACOUSTIC SOURCE STRENGTH PER UNIT LENGTH AS A FUNCTION OF
FREQUENCY AND AXIAL SOURCE POSITION, SOURCE STRENGTH DIS-
TRIBUT IONS INFERRED FROM A POLAR CORRELATION SOURCE LOCATION

TECHNIQUE (FISHER ET AL, REF. 75) ARE SHOWN FOR QU
COMPARTSON. . ) e
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FIG. 6.22 COMPARISON OF THE FAR FIEID SHEAR NOISE SPECTRUM COMPUTED
FROM CROSS_SPECTRAL DENSITY MEASUREMENTS WITH THE ONE
EXTRACTED FROM FAR FIELD JET NOISE DATA,
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FIG. 6.23 COMPARISON OF THE FAR FIELD SELF NOISE SPECTRUM COMPUTED
FROM CROSS-SPECTRAL DENSITY MEASUREMENTS WITH THE ONE
EXTRACTED FROM FAR FIELD JET NOISE DATA.
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FIG. 6.24 TEST OF THE SIMILARITY OF THE PEAK NORMALIZED SELF AND SHEAR

SPECTRUM LEVEL

NOISE SPECTRA AFTER A FREQUENCY SHIFT: BOTH SHEAR NOISE
SPECTRA HAVE BEEN SHIFTED IN FREQUENCY BY A FACTOR OF 1.6.
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FIG. 6.25 OVERALL FAR FIELD JET NOISE SPECTRUM AT L4O° TO THE JET AXIS:

COMPARISON OF DIRECT MEASUREMENT WITH PREDICTION BASED ON
CROSS-SPECTRAL DENSITY MEASUREMENTS.
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APPENDIX A |

A SIMPLE JET NOISE MODEL

Some properties of jet noise are computed from a simple turbulence-
plus-mean flow model which is largely equivalent to that of Ribner (Ref. 10).
The analytical approach follows along the lines of Pao and Lowson (Ref. 78).
By transformation to the wave number-frequency space, some of the rather
: complex coordinate transformations (see, for example, Ribner UTIA Report 86,
Ref. 6) are exchanged for more straightforward Fourier transforms.

The turbulence model that will be used to describe the two point
velocity correlations in the jet satisfies the criterion of homogeneous
isotropic turbulence (Batchelor, Ref. 79) convected by the local jet flow.
The cross-correlation of the velocity uji(x,t) and uj(y+§, t-7) defined in a
reference frame moving at the convection velocity U’l is modelled as:

3 azuceTa)

2, 1, 12
. -a"([g]
u, (g, t)uy(y+e, t-r) = ulz(y,) {Gij(l-a'z- Igla) + aaiigj}e e (A1)

The parameters a, @, and U, are weak functions of position and determine the
spatial and temporal scales of the correlation. For convenience these para- |
meters are treated as being constant within a correlation volume. The f
turbulence model is identical to the one discussed by Pao and Lowson (Ref. 1
78); extensive use of such a model was also made in earlier work by Lilley

(Ref. 5) and Ribner (Ref. 10). The Gaussian was chosen for its well behaved i
Fourier transform; even after repeated differentiation one does not encounter
convergence problems. Mathematical expediency has dictated the choice of the
model correlation; consequently, the turbulence, which is neither isotropic
nor homogeneous, is not described with great accuracy.

The model cross-correlations and cross-spectral densities relevant
to Ribner's self and shear noise foymalism take the form:

2 2 2.2 2

. -a“( g + U T
uxux(g'r,i,-r) = ulz(_y’) (—a2§32 - a.2( gecose-glsine)2> e = ® i
u o (_}_r’,_g,,-r) = 2(uxux')2 + (ux2)2 (A3)

uy is the velocity in the x direction (the observer is located at 5) s _g' the
separation between field points in the turbulent flow, and T is the time

delay. As the source term of the jet noise is proportional to Ba/bt.2 (uy + Ux)2 X
only 2(uxux)2 in Eq. A3 will contribute to the jet noise correlation, (f;’? 2
being invariant with respect to T.
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The cross-spectra in wave-number-frequency space are given by the
respective four dimensional Fourier transforms as:

1 2 ma
Rl s 2 L)
cpuxux(!',s,u) > 16;%50:72 bt ; (Ak)
2 w2
[u—g(y\ '|2 l (kg + (kgcose - klsine)2 2 X 8—{:2 <D§'l +;2_c'>
e R e T

5 and w are the wave number vector and the radian frequency respectively.

The mean velocity profile is modelled as:

2 2
'cz(yz & y3)

U, = Uy (yp)e (46)

with ¢ and Uy slowly varying functions of axial position y;. The mean velocity
camponent in the direction of an observer at X is:

U, = U,cose (A7)

The Gaussian is a reasonable description of the mean velocity profile in the
transition region and the fully developed jet; however, it fails to model the
flow near the jet nozzle (mixing region) with sufficient accuracy. A better
Igodel of the mean velocity profile in the mixing region would have been (Ref.
0):

= £L:]‘ S ALEL ) (48)

s21r
g

Lilley (Ref. 5) suggests A ~ 300 and &, ~ .03. Ribner (Ref. 10) models the
two-point correlation as

v(3+4 > v (g - = e Uz(.b’,)e-mea/L2 (49)

rather than modelling U itself.

One must keep in mind that the correlation functions and the mean
velocity profile are but crude estimates of the ones that would be measured
in a real jet flow. The spatial and temporal behaviour of the model functions
is hopefully illustrative of the general nature of the 'real' functions.
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Jet Noise Estimate

The shear noise contribution to the total far field acoustic pressure
according to the theory of Ref. 10 is:

2
put) < —5— [0, S uge - Ph-yhy (a0
21T¢° Ilc'l X at X (o >

The shear noise auto-correlation is evaluated from a double volume integral:

2

pO
Ry, (5,7) = gy ﬂ U (2,)U, (2,)

2
-1 ) -1
ux(gl,t = S5 IE,C = _Z,ll) B? "x(-?g’t - - |§ -2 l)dzld.z2

% [°%

(A11)

Ribner (Ref. 10) has argued that cross-terms such as [Bz/Bta(ux) Bz/atz(uxa)]
which are found in a more rigorous description, will be small or identically

zero. After transformation of the varisbles z3 =y - 1/2 B zZ2=y+ 1/2 3 |
and application of the identity |
2 2 Y
a a ] a L}
u u' = uu (a12)

L X
.%Eux<_}'r—%2,t>ux<y+%3,t-1'-3 _'>d§d1] (A13)

beleg

The integration over y evaluates the contribution to RSH( 7) from a correlation
volume at It is convenient to replace the cross-correlation by the equivalent

Fourier integral representation. An observer moving at the convection velocity
would measure:

-ik - s =iwT
=fq; a (z,_k',u)e e dkdw (Al)'")
Y% x

-

1
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Substitution of £~ IJ;T for ¢ changes the moving frame correlations to fixed
frame correlations: C

—i$°($-gc'r) -iwr
uxu;c =f % o (;,_l;,w)e ’ e d_l; dw (A15)
X X
It follows that
2

Rey(%,7) = —Tjﬂu ()G - k)" % u (Pi0)

2
-:L(w-kU) -1<k+(w-kU) > ("I + )
*ve’ cE‘l e 2 3 e dydwdkd_.’n

- -

(A16)
The grouping of the variables in the exponentials suggests a change of variables:

q
=

X
3
e N
(0 - k5

The Jacobian of this transformation is unity. The new variables will simplify
the integration over the wave mnnber -frequency space; convection effects are
also accounted for+ [viz (w =~ c)] .Refraction of sound has been suppressed
by replacing the perturbed density p within the jet by the ambient value Po
(Ref. 24). 1Integrating over _; and q; results in:

(A17)

i

Q

"oa 1 2 A q32 * q22°°529
R (x,7) = . j v %y) w(y)a
SH'? l6a.uaU mou l}_sl X ‘=2 ul 2 ha2
e 5
53—2%"—(‘12 r0f) H Lo - —Sgd
" ha e2a o " Lao U, | e-in'r d_yd.n da, dq3
(A18)

where C = [(1 - Mccose) + c¢2'M2 L is the convection factor first found by
Ribner (Ref. 5) and Ffowcs-Williams (Ref. 11); M, is the convection Mach number,
coMg = Ug is typically half the jet velocity (Ref 82). After integration

over go and q3, one finds that the shear noise auto-correlation is the Fourier

transform of The spectral contributions from all correlation volumes in the jet
flow:




oy

2
o) 2

p; ATTB s
BotE )= o S fU (¥ (¥

S Braw e kP o 2d + &P x P

Cc
S 2
- 20

2 2 haaU
1 + 0082 + 3'. EE _—é—— 91 sin2e cosee e c e inT dy dn
5 7 2 dy
al 2ankcE ¢
(A19)

For the shear flow the convection factor comes out to be:

O = [ % Mccose)2 + aanca <1 2 -132——2- ein®o ﬂ i (A20)

There is virtually no difference between C and Cgy at low convection Mach
numbers.

The volume integral of all spectral contributions (deleting the
. Fourier transformation in Eq. Al9) defines the power spectrum of the shear
noise. The spectral contribution from a unit volume is:

c2
2 2 4 - —% 5 o'
Po c Q B o 2 La“a“U
WP U_“(y) w,"(y)(1 + cos"e)e e @
e BﬂUc'uhc’lazé(Za2+c2)2 x Y =
c o (A21)
The peak frequency of A9y is
N2 aaU
T —. (A22)
Psg sy

since .5[a.'2c2s1n29 - cosze/(Za."2 + ca)] is much smaller than (1 + cosae) ’

The mean square pressure ng = RSH(x,O) can be written in the

form:
o
Py = | o I
v
- e AN . 0
30,0, 2 (y)w “(y)o M, i 2 s5g %M o 9
Q'SH= ’25 23<1+c04 +2+UT—sinecos9>
Tlx|” Cgy (2 + 0) Csy

(A23)

where ¢ = c2/a.2; o < 1, as the correlation length (o 1/a) cannot be greater
than the jet diameter (@ 1/c). Qgy can be interpreted as the shear noise
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contribution per unit volume to the overall mean square pressure. The inte-
gral of Qgy over the local cross-section of the jet would correspond to the
shear noise contribution to the source strength per unit length. The basic
directivity of Qgy is proportional to:

2
U
% (1 + cosae) = cosae(l + cosae) (A2Y4)
U

i

The basic directivity is modified by the convection factor resulting in

a downstream bias and refraction which is not included herein. Ribner (Ref.
10) as well as Pao and Lowson (Ref. 78) have obtained the same basic direc-
tivity for the shear noise term. (Pao and Lowson defined the shear noise
source term to be

u

o, o
i
SHEAR NOISE 51 (A25)
a;j i

which appears to be equivalent in an integral sense to Ribner's definition
used herein.)

A similar analysis may be performed for the self noise given by:

Pty = i f 732 w2yt - ¢ Mlx - yDay (A26)
3 e s b s i
SF'= umoa lx] at X = O = o ->
=
The mean square self noise pressure is:
Py = ay (a27)
sF - | Wr ¥

with St
38 2 2 2
S T S

QSF i ""'*/';l' C])rlsle Cc

The spectral distribution is proportional to
= 8a CtaUc2

Py 2 24
Qe = ¥la e
= 1281rahotUccou x| vy @

(a28)

and has a maximum at

(A29)




The ratio of the sedf and shear noise radiated by a unit volume of

Jjet is:
_2 y
W E(r?t W% 1 (430)
i o Uiz(y') 55_ cos29(1 + cosze)

The ratio is governed by the spatial scales of the mean flow and the turbulence
(o), the turbulence intensity distribution and the basic directivity of the
shear noise (the basic self noise is ommnidirectional). Convection effects
CsH’/C? tend to cancel.

The self and shear noise spectral contributions peak at different
frequencies. Nossier and Ribner (Ref. 37) have found that the peak self and
shear noise frequencies extracted from far-field data differ by a factor of
about 2. The Gaussian correlation model of the present analysis predicts a
peak frequency ratio of 2. McCartney (Ref. 77) has discussed the dependence
of the frequency shift on the choice of the temporal form of the correlation
and cited several examples. The model self noise spectrum can be modified to
exhibit the observed frequency shift: The argument of the exponential of the
self noise spectrum C2/8a202U.2 is multiplied by a factor of 1/2. Hence the
peak frequency, defined by the sensible solution of

s S
2.2 2
& h)k e 163- aﬁlc =0 (Bl)
becomes
e 22 a0
£ = = 2f
- = o (a32)

Integration over Q results in a factor of 25/ 2 , thus

e C
ﬁ=ﬁ'—l’2;° _‘lz__g_n pm— (A33)
H U;” ¢° cos 8(1 + cos“9)

The jet half width is given by the empirical relation by /o = .0848y; (Ref. 81);
thus ¢ = 9.82/y1. The turbulence scale is estimated to be IL,= .13y; (Ref. 82),
and as a = J7/L the square of the ratio of the length scales becomes o = .52.
o is somewhat sensitive to the choice of I and by/2; therefore, the value of

o = .45 used by Ribner (Ref. 9) hast been chosen. This yields

b 2
n cosée(l + cosze)

a value compatible with the work of Nossier and Ribner (Ref. 37).
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Strength Distribution of Noise Sources Along a Jet

The functions Qgr and Qgy describe the contribution of a unit
volume to the overall self and shear noise respectively. It is often
assumed that the temporal and spatial scales of the turbulence do not
change over a slice of jet. If the behaviour of W12 U12 and (52)2 are
known, one may estimate the contribution of a slice of jet to the overall
Jjet noise.

The individual contributions to p2 from unit volume given by Egs.
A23 and A27 may be written as:

2 2
3°oa”x ) “12(Y) *"L“"h"c1+ PR 1 2 . s5g C’QMc 2 2
Az N N 2"3<1+cose+2+ -—z—sinecose>
T [x]|Cgye c (2 +0) a o

o SH CSH

B0 B & :
3p Ay Y, “(y) : o]
5 02 X ;1 b 1&-— “’ohﬁs .._L_E (1 + cosze + 253 - —% sinzecosze >
T |x|7Cope (2 + o) §
%! “sH o o (A34)

Similarly,

W o, (2] g
5 2 b, 2. % (435)
Yo , L}gl (6 .

wo is a typical frequency that is assumed to scale as Uj(yy)/vy
(Ref. 1); the correlation length L varies as y1- Thus the contributions of a
slice of jet scale as:

i
(v,) T 2T aa (A36)
Bgp(¥y) = v ), )[ul ]
¥y
L
U, ()
o) 5[ wiguiom

A(y,)

ea integrals have been evaluated from measured turbulence intensities
4;</Ur and mean velocities of the UTIAS 3/4" model jet (see Fig. 4.6). The
functions Bgy(y1/D)/Bsu(3) and Bgr(y1/D)/Bgr(3) are shown in Fig. Al; they
are proportional to relative self-shear noise contributions to the far-field
acoustic power from a unit length of jet.

Ribner (Ref. 7) and others (Refs. 5, 8) used similarity and scaling
arguments to predict that the source strength distribution per unit length
follows a y1© law (i.e. constant contribution of a slice of jet to the far
field acoustic power) in the mixing region, and a y~! law in the fully developed
jet. The present model is a hybrid combining scaling considerations (wo @ Ul/y]_ s
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L @ y1) and certain products of measured jet flow velocities, as described
by Eqs. A36 and A37. The peak turbulence intepsity is not constant in the
mixing region reaching a maximum value near y]jD = 5. Hence Ribner's y;°
law, predicated on the assumption of constant turbulence intensity, is not
satisfied. Downstream of the potential core (y1/D > k) Bgr and Bgy decrease
rapidly, and do approach the y1'7 law predicted for the fully developed jet.

Hypothetical Cross-Correlations

he procedure of estimating the cross-correlations uxg,t)p(g_cr,tﬁ
and »t)p(x t-7) is similar to the one employed in the computation of the
far field pressure. The analysis evaluates the cross-correlation functions

that would be measured, if the flow were accurately described by the assumed
correlations of the model.

The shear noise correlation is:

R (x,y,-r) = ux(y’t)P(x’t + T)
= —

, H ux'p-7—,
P fU(y+§)u(yt)f—u(y-+'§t+'T-c'1|3,c-y-§l)d§
ZWCOQET XS - X' ata X"). - o g -> (58)

where _5 is the separation of an arbitrary point:and.the source point y.
The cross-correlation uyux is pon-zero only for small values of |§| (%orre-
lation volume of ux). The variation of the mean velocity Uy over the
correlation volume will distort the integrand. For the case of homogeneous
isotropic turbulence and flow parallel to the jet axis, the integrand will be
maximum at y + €, where € is a slight offset towards the jet centre line.
Upon substitutidn for.Ux-'a.nd replacement of the cross ¢orrelation 32/612( uxux')
with the equivalent Fourier integral, RuxP(’f”X"T') becomes:

5 ;
1 0 2

Ry p(%:¥57) = - g CQsef (w=-k-U) q , (¥kw

ux‘p - 2m°2 | 1(7 Ul : . - -C uxux -

= =C

: ; X
~1(w-kU,) (r-c " [x ) -ik-y -i<§+(w-l_s,-yc) EO—ED - g
-2 e

e

B[ (y,+8,) PH(y *eo)?
o e y33]dwdkd§ (A39)

J
d

After the change of variables:

y =y + 3
S 5. =
-
S=<§’+(w-_l§ yc)m> (AkO)
Q=&)"_l§ -C
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one observes that

e e
fe ggec(nz+n3)

dy (AL1)
o 2 2
c (q3 +n, ) s

is the three dimensional Fourier transform of e

2, 2
?U cos8 q2+q2cos29 ¥ 2 (q3+q2)
R (gc'y'r)= Py fnz 3 a har
uxp a2
161re.cotUc |x| ha®
2
1l Q C 2
™5 o Rtine ey 4y, T E2f. 2% .ig e T x-y |)
o eq22 33el+a.oz2Uc i ( OL"ldOdqedq3
(ak2)

A lengthy but straightforward integration results in:

2Ucose -—-—a(y2+'y)
Ry p(0ysm) = “’?’——3——°u1 U T e 17 2
aCyy x| (1 +0) ,
2., 2
aM
2 2 2 2.2 2 2
{<l+cose-2a lio'(y3 +y2cose)+3lia—-é-2-°—sinecose>
I SH
a%?y 2 QM _cose adU : a0
1-2 LN sin2L .- S % ( 2ay, - oM sine c 2
SH SH SH g SH
' a2afy 2
. 9 - S
a.aaue o 65}1
(B e )l o (ak3)
SH
where
e -1
s L yl- l+coyasine
1/2
4, S A B 2 o 2
CSH—[(l-Mccose) +aM, <l-1+csine>]
2
c
o ==
a
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The 'interaction' of the mean shear and the two point turbulent
velocity correlation has generated two functions, one of which is even about
T = 0, the other odd. In effect the mean shear has destroyed the homogeneity
and the isotropy of the correlation. The turbulence structure of the jet flow
is not homogeneous and isotropic, and one would expect the measured cross-
correlations of the shear noise source term with the far field sound to be
samewhat sensitive to the position of the source point in the jet.

The relative amplitudes of the even and odd functions predicted
sbove are plotted in Fig. A2. The apparent position of the source has shifted
fram y to (y1, (1+0)-1 yo, ¥3). The shift is not very significant from the
point of view of the percentage change in arrival time. The shift may become
significant if axial variations in the mean flow (neglected herein) are
considered.

In order to campute the contribution to the far field shear noise
from a unit volume at y, one must double differentiate the cross-correlation
with respect to T and evaluate the result at 7 = co'l lz,— (in the frequency
domain the cross-spectrum must be multiplied by -(w-k-YJc)<). The apparent
source shift implies that the resulting function is evaluated near, but not
at, its maximum. Should one neglect the small time shift one would overestimate
the shear noise contribution (the same applies to the estimate of the far field
shear noise spectrum; here the time shift takes the form of an additional phase

angle). The error can be considerable, as the double time derivative brings
sbout a narrower peak.

The cross-correlation Ruxp(x,y,-r) may be normalized by the RMS values
of ux and p which are given by: -’

¥ 2 - ‘/ w? (Ab)

‘/""2' 2. 2 e
N ;é e 105 o W il o cos28(1 + cos>6) >l/2vl/2
i JET

b
2/2 Ja<a?+(2+cr)2 =

T |x] ¢

(A45)

For the present model the strongest shear noise correlation is predicted to be

along the jet axis (y2 = y3 = 0); thus, the normalized correlation is estimated
by:

Ru,p g _"3/l+ 1 o cosf(l + cosae)
BB e ag; 2‘1']"2 1+ 0)2 2 No cosze(l + c0829) =
u.-p JET ( -(——” T i+ >
(Ak6)
which takes the form
R g
X2~ 36— (A7)
- JET
uw’”p
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for o = .45, L =J';ra-l, e = 4o°.

V3 /L3 ‘has been interpreted (Ref. 39) as the number of uncorre-
lated volume sources assumed to be of equal strength; the correlation
coefficient, therefore, is inversely proportional to the square root of the
number of uncorrela.ted sources in the jet.

The self noise correlation is:

2
) -1
Ruxzp(as,g,f)— f (¥, )gtgux(y'+_!7,t+w-c k-y- 8D at
(A48)
does not suffer from the shear flow interaction. After some algebra:
e 2 oS
R ( )_ﬁpo(ul)aMc l_haaUC (T‘T)
g Zp\edsT) 2o 5 2 o
X ¢ x| e
5 22.2
aaU
c
ey 1
e 3 T, =, KX —zl (A49)
S The normalized self noise correlation is given by:

(u“z)z 2 2 ag; 2;1-72 <1 i cos29(1 + cosae) >l/2 VoET
2

p : JET

(A50)
when o = .45, L = 7 a.'l, e = Lo*.

A simple turbulence-plus-mean flow model has been used to illustrate
what is hoped to be the general nature of the measured functions RuxP and Ruxzp.

The model predicts that the peak of the shear noise correlation R“xp will occur
at a time delay different from the travel time c [__ -y |- Measured Ry cross-

correlations (see Section 6. 1) indicate that the predictions considerably
underestimate the shift in the time delay.
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APPENDIX B

NOISE GENERATED BY TRANSDUCER-FLOW INTERACTION

Even though the principal velocity measuring system used during
the present investigation was the Laser Doppler Velocimeter, scame thought
was given to the problem of transducer-flow interaction, as the hot-wire
anemometer will continue to be the most common velocity sensor used in fluid.
flow research. The instrument is aveilable 'off the shelf' and does not’
entail the extensive ancillary system development required for the Laser
Doppler Velocimeter. Furthermore, the volume of the active sensor is very
small campared to the measuring volume of a Laser Doppler Velocimeter,
making the hot-wire anemometer ideally suited to survey scale model flows.

A solid object, such as a hot wire probe and its supports, radiates
sound when placed in a turbulent flow. Curle has provided an analytical
framework that allows one to predict the sound generated by such flow-surface
interactions (Ref. 42). The theory identifies fluctuating forces (1ift for
example) as sound generators. This is confirmed by direct correlation of the
force with the radiated sound as was done by Clark and Ribner (Ref. 43).

Curle shows that dipole radiation due to flow-surface interaction can be of
comparable intensity with the quadrupole radiation of a turbulent flow, if the
Mach number is small enough.

A hot wire probe when properly placed in a jet flow does not produce
a measurable increase in the radiated noise (it is unlikely that a 1% increase
in sound pressure lcvel can be detected with any confidence). In Appendix A
it is shown that the normalized cross-correlation coefficients of the velocity-
pressure correlations are of order N"2 if there are N_uncorrelated radiators of
equal strength Each source contributes an amount Ap-z' to the mean square
pressure. The mean square pressure generated by the probe-flow interaction i
assumed to be ezz, € = 0(1). The new overall RMS sound pressure is’VEN‘!-e;ﬁ
and as N >> € there is little change in the far field pressure. The correlation
function of the measured velocity and the jet noise is now of order (1+€)/wF,
as the sound generated by the probe is well correlated with the measured velocity,
the turbulent flow being responsible for the fluctuating forces on the probe.
Since € = 0(1) the error due to probe noise, which is an artifact of the measure-
ment, can seriously 'contaminate' or obscure the jet noise-jet flow cross-
correlation.

The interaction of a sound wave with a solid object generates a
diffracted wave by virtue of the reaction of the surface to the forces exerted
on it by the incident wave. If the body is at rest, the reaction is such as
to maintain zero velocity normal to the surface. The velocity distribution
necessary to cancel the incident normal velocity can be generated by a collection
of acoustic sources located inside or on the surface of the body (Morse, Ref. 83).

Similar boundary conditions are encountered when a body is immersed
in a turbulent flow. The forces exerted on the body, just as the stresses in
the turbulent flow, act as sound sources. In the presence of solid boundaries
the solution of the wave equation,
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’ bis'_given by (Ref. 47):

Qe -t sty R

e 1 : O ‘= b - ~

p(x,t) = h-.,;f I 'T?,T _ ayiayj povivj(g,t ) dy dat
v

1 5(t'-t+c-l[3’c—_¥|) 3
+E5’f{‘zi L_ ;l Ep(z:t')
s

8(t' -t +c|x-yl
- £,p(y,t") % - ;rx 3 }dg' at' (B2)

where fi are the direction cosines of the outward drawn normal from the fluid.
Equation Bl is an approximate description of sound generation by a turbulent
flow. Curle (Ref. H2) has applied the divergence theorem two times to the
volume integral and found that for the special case of a stationary surface
the radiated sound pressure is:

" e o(t' - ¢t + c-lb_(' = I)
s : . .
p(x,t) = T’TIW’& ’ IONANCAD g x°r dy at
v

8t -t +c k- xl)
- 11‘7[52—1 F,(y,t') = x"r dy at' (B3)

where Fy = ziaijp is the force per unit area exerted on the fluid by the solid
boundaries. In the far-field:

P(s)"' f?v (z,t)a(t'_t+c [_'-yl)dydt'

h‘lrc Ix
X d ; : a1 ' ’
+ uwo!ﬁlf&—; Fx(y’,t ). L' -t F e, |,_§ _1]) dl dat (84)

The Reynolds stresses pvivj and the forces F{ have been replaced
by the momentum flux pgVyx® and a force Fy in the direction of the observer
at x. If there is no fluctuating force in the direction of the observer, then
the observer will hear no sound due to flow-surface interaction. This can be
illustrated by the simple example of an oscillating sphere (a dipole) set in
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motion by a force in the horizontal plane. No sound is radiated in the
direction normal to the dipole axis which coincides with the force vector.

The forces exerted on the body in a turbulent flow are of aero-
dynamic origin. Rackl (Ref. 84) reasons that the force can be modelled as:

F =%p Ky =8 (B5)

where the pure number K is a function of the body geometry and S is the
surface area exposed to the flow. The far field acoustic pressure becomes:

2
T | ) 2 -1
S e— — ' [ - t!
P(l‘-’t) I o2 lxlfat.z Po'x (_’y,t ) ot B % lﬁ EI) 4y &

S
1 ff a 2 ! (] ‘l '
Bmo |}ec l f Stl Do K vx (z,t ) s(t -t + co L - _y’ l) dt (B6)

!

provided the scale of the body is small compared with the scale of variation
of vy.

The cross-correlation of Jjet flow with the radiated jet noise gives
rise to two types of correlations: one associated with the sound generated
by the turbulent flow alone, the other generated by flow-probe interaction.
The relative magnitudes of the two correlations can be estimated with the aid
of a simple model. As was the case with the self and shear noise model s V

separates into a mean velocity U, and a turbulent velocity u t). e
cross-correlations Ry, p = uxC,tprc',tﬂ—) and Ry, 2p = u y’,t)p x,t+1) are
to be estimated. The measured R“x2P correlations are too poorly defined to

be analyzed with any confidence; therefore, only the Ruxp correlation will be
examined. .

The velocity is well correlated over the prove sensor and the portion
of the probe supports that are immersed in the correlation volume; hence, the
crogs-correlation is given by:

P i =
R, (X37) = ——p— fv(yu)-ju(y,t)u(yu,tw-c x - y - t))at
uxp-r..T 2‘”00 Ln'lv XS = aT X = X' - o LD - m -

KS_..U(y)
»i “m:il‘;,fx g; u(y,t)u (y,t + 7 - c;]"b_(_ 4 (B7)

Serr is a measure of the surface area of the probe in the correlation volume.

The analysis in Appendix A shows that the convection effects are
small at low Mach numbers; we shall neglect it here. Furthermore, the major

L4
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effect of the mean shear is to alter the directivity factor; hence it is
assumed to be constant over a correlation volume. Thus the rather simple
model correlation:

2 i PRl 22
—s -a [(8,-U 1)+, +8 1Py 24
g e (58)
i '

is chosen for mathematical convénience. Upon substitution in Eq. B7, the
small Mach number approximation of the cross-correlation takes the form:

e 22 2 2
PUW 5 5 /2 5 o -;a U “(1-7)
Ruxp(g;,_y',-r) = - o‘rrng a™™™ {li—— [1- 2a azuc (7 - -ro)] e & .
2 2y 2 2
+% 8 T-l + o K a2c (r-1) e-a G (B9)
2 “eff o o'’ To . 9

R is the sum of an even function and an odd function. The latter
is the 'contamination' caused by the probe-flow interference and must be small
if the jet flow-jet noise correlation is to be estimated with reasonable
accuracy. The ratio of the maximum values of the two correlations will give
an indication of the importance of the probe noise. The even function:

1;3/2 5 % o 5 -aaaaUcz('r-'ro)a
R (1) == [1 - 28U (7 - 7 )7 Je (B10)
‘has a maximum v = 1o = ¢ o~L[x-y|, while the odd function
1 1 + a2 5 -a2(1402)Uc2('r-'ro)2

RO(T) -0y —oP_ Ka CO(T - To)e (B11)

has a maximum at T = 7 + J§/(2a(l+a)l/2uc). The ratio of the maximum

Re (2m) 1/ 202Me

¥ = (B12)

=§ =
Cmax 2 I/ 2
aserfl( l+a

should be large, if the probe noise is negligible. This criterion may be met
if the effective surface area is small and the Mach number relatively high.

Let L be a typical correlation length; it follows that a2 = 7/12
and Sers = UMRpL, where Rp is the radius of the probe support needle (the hot
wire sensor is much smaller than the probe support). The correlation length
scales with the axial position in the jet: L = .13 D (y1/D), D is the diameter
of the jet nozzle. The Reynolds number of a cylindrical probe support of radius
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01" in a Mach .3 air jet is approximately equal to 3500, and the drag
coefficient is near unity (Schlichting, Ref. 81). The parameter K is set
to be equal to the drag coefficient, and & is chosen to be .55 (Ref. 10).
For a jet diameter of 3/4" and Uy = 1/2 U , the ratio of the maxima is:

Yy
y= 265 (B13)

The model predicts that the probe noise makes a significant
contribution to the correlation function, when the probe is placed in the
principal sound producing region of a jet flow, namely the first 15 jet
diameters downstream of the nozzle. Such a prediction is compatible with the
marked differences of the shear noise correlations measured with the Laser
Doppler Velocimeter and the ones measured with the hot wire anemometer.
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APPENDIX C

CROSS-SPECTRAL DENSTITY ESTIMATES

COMPUTED BY A FAST FOURIER TRANSFORM ANALYZER

The fast Fourier transform (FFT) analyzer exploits the close
relationship between the Fourier series coefficients of a periodic wave

'Q(t) and the Fourier transform of the non-periodic version of the same wave

shape, namely that the Fourier series coefficients are uniformly spaced
samples of the Fourier transform of the non-period wave (Harris, Ref. 85).
For the purpose of machine computation only a finite number of points at
which s(t) is known can be used, and similarly there will be a finite number
of frequencies at which the Fourier transform of the truncated sequence of
S(w) can be computed. The fast Fourier analyzer estimates the Fourier
transform of an arbitrary function f(t), subject to the constraints imposed
above.

The effect of the finite duration, during which f(t) is being
ar(za.';.yzed., is equivalent to passing the signal f(t) through a time window
D(t):

T

o’t<'§

D(t) Some suitable function (c1)

T
o,t>§

D(t) is chosen to minimize the errors inherent in the process of power spectral

density estimation. The most common errors are spectral broadening (finite
analysis time) and the generation of side lobes (discontinuities at the
beginning and end of the window). The behaviour of time windaow has been
discussed in some detail by Harris (Ref. 86).

The Fourier transform of the function D(t)f(t) is
(-]
A
F) = 3 f D(t)£(t) et at (c2)
=00

Consider the product of the Fourier transform estimates of f(t) and g(t):

-iwt'

3(«»),9*(@) = h—lzjD(t),f(t)eith*(t')g*(t')e dt at' (c3)
m

The window function has a finite duration and possesses a Fourier transform

& (w):




T TR B

D(t) = f Bw)e v 4y (o

and,
a % “i(w ~w )t i(w -w)
g(u)b(w) = #fxf(wo)&(ul)f(t)g*(t + T)e s ”1) 5 ("’1 W) T % d.ul duo at’
™
(c5)

Each realization é’ 3’ -«5 ¥ can be treated as a menmber of an infinite set of
realizations "Ji i, if the process is ergodic. The ensemble average is
defined to be:

A A ~ -i( - )t i( -U)T
<Fy > = tg) = 25 [Bltre) @l > 0 L e
m

dt dw, dw, dt' (c6)
But T
<y (Dgf(t + 1> =Ry (r) = 2B L ff(t)g*(t +na (e
-T

(Blackman, Tukey, Ref. 87), and the correlation function is independent of t.
The integration with respect to time t will result in the delta function
2w G(uo - l); thus .

Beg@) = [ 1) og (o - w) amy (c8)

where @gg(w) is the cross-spectral density of f(t) and g(t). The convolution
integral accounts for the absence of all || > T, brought about by the finite
window duration.

ey The FFT analyzer computes the average value of N rea.lizatlons of
7 i ng(w) Each average may then be treated as an estimate of q]r (w)-
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APPENDIX D

SOME PROPERTIES OF THE LASER DOPPLER SIGNALS

A laser beam travelling in the x; direction can be modelled by the
wave

-af 2.2y 1(egv t-kx
E(5,t) = B (x)e (%) (%, +x37) - (2mv, y) i

Vo is the frequency of the laser light with a wave number k. Ep and a are
slowly varying functions of x3 and account for the slow beam divergence.
When two beams derived from a common source intersect at X = 0 with the
angle 2¢, the total field near X = 0 is '

2, 2.2 2002 2
-a“(x, “sin“¢x3 cos px,")  i(2mv_t-kx. cose)
B

. cosh(2a.2x]_x2cos¢s:1n<1>+1lsx2 sing) (D2)

The intensity of the light is proportional to [Ep |2. The 1g;£ens1ty distribution

2 2 ) e e 2
-2a°(x, “sin“¢tx, cos"dix, )
2
g, |~ =282 e & € 3

x [cosh(ha.zx cospsing) + cos(akxasirm) } (Dp3)

1%

is the sum of a smooth function known as the Doppler pedestal and an inter-
ference pattern cos(2kxpsing). The distance between two maxima in the
interference pattern is the fringe spacing

iy -
de = Z5ing (Dk)

The Gaussian intensity profiles of the laser beams confine the fringe pattern
near the point of intersection x = O usually referred to as the probe volume
(Fig. D1). Surfaces of constant fringe intensity are defined by

xlzsinqu * x22c032¢ + x32 = constant (D5)

The probe volume is in the shape of an ellipsoid. The interference fringes
are parallel to the xjx3 plane and are separated by a distance df. The angle
of intersection 2¢ is usually in the range of 3° to LO°, and the ellipse in
the x)x3 plane has a large eccentricity, whereas the ellipse in the xpx3

D-1




plane is nearly circular. For [x| sufficiently large, the Doppler pedestal
masks the fringe pattern, and the Doppler signal that is scattered by particles
can no longer be detected. Signal to noise considerations limit the LDV :
processor to accept only Doppler signals that exceed a certain threshold level
and the probe volume is bounded by the surface (Fig. D2)

x12s1n2¢ + xazcosch + x32 =B (D6)

The processor further requires that the scattering particle cross
at least No fringes (No is usually 8). A particle that traverses the probe
volume near the outer boundary may not intercept a sufficient number of fringes.
The computation procedure, already initiated, cannot be completed. The per-
centage of valid Doppler bursts in the total number of signals that initiate
computation is defined to be the % validation. The largest possible value
of the % validation is the ratio of the projected areas of the effective probe
volume containing at least 8 fringes, and the actual probe volume. The analysis
applies only for laminar flow. The presence of turbulence will degrade the %
validation.

There is a total of N = 2R/dg fringes in the probe volume, and
therefore the effective probe volume has semi-major axis

d
i 18 e
e 0 (N2 - Ny ) 2sing (7)
and semi-minor axis
- (Nz 2,1/2 de (D8)
Ll - N ) -5
The area ratio is
2
7. b N
i (]
=1- (29)
wde U TE

100 (1 - Ng2/N?) is the largest possible % validation. To make the
best use of the scattering particles, the % validation should be near the
theoretical maximum. The % validation is an indirect measure of the data rate.
The data rate f depends on the number of particleso® that cross the probe
volume per unit time:

2
Ly =.N'<1-NF°-> (D10)

If a velocity camponent other than the xp direction is to be
measured, the probe volume must be rotated sbout the x; or x3 axis. As the
probe volume is rotated, the scattering cross-section of the probe volume
changes. If the scattering cross-sections of the probe volume and the

D-2
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effective probe volume change at the same rate, then the % validation will
be unaffected. The data rate changes, as the number of particles that cross
the effective probe volume is a function of the scattering cross-section.

Rotation about the x; or xp axis is analogous to the case of laminar
flow making an angle ¢ with respect to the normal of the interference fringes.
Rotation about the x; axis is considered first. The particles that intercept
the probe volume (Fig. D3) move along lines defined by:

¥ = - (z - z)tane (p11)
and intersect the ellipse y2c032¢> + z2 = R2 - xasin2¢ = Ra(x) at:

2 2 1/2

2 2 ta.nze coszq> - iRz(x) (1L + tan“@ cosa¢) <2 te.n26 c032¢]

z
1+ ba.nae c032¢
2 _R(x)(1 + ta.nza cosng)l/ @ (p12)
o tang coso
Z, - Z; < 22 5 [Ra(x) 1+ t.anze cosch - '22ta.n29 cosaqb]l/ e
1l + tan 9 cos ¢
By inspection:
) 3 _ cos8 2 2..1/2
5 L, = z,sine = Tong R(x)(1 + tan“e cos“9) (p13)

The scattering cross-section of the probe volume is an ellipse with semi-minor
axis:

29 cos2¢>) 1/2 (D1k)

" by
- -_2'20(0) =

coso
5 ¢R(1+tan

(elo]}

Since the probe volume is rotated about the xj axis, the semi-major axis is
invariant:

a, = m (p15)

The scattering cross-section of the effective probe volume is bounded by the
locus of all points such that:

=z, =Ngd, (p16)
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1/2 1/2

N 2df2 r
3 £(x) = sonb R2(x) - _on_ (1 + ta.nee c032¢) (1 + ta.nae c082¢)

The semi-minor axis is defined by 1/2 4(0) and the semi-major axis has length
X, where £(R) = 0:

2.2
N 1/2
a = -S—ZJGE <32 - ﬁ#. (1 + tanZp c082¢) (p17)
229 :
N 1/2
cose (2 Yo (1 + tan’e cos2p)™/? (D18)

% Geag B & o (3 + tanae cosz¢)

The area ratio

1,-alb N 2
bl =] e (1 # tanZg cos2¢)
5% F

As 6 is increased, a critical angle 6qrit is reached at which the
area ratio is zero. At thic particular angle (dead angle) and beyond, no
valid velocity measurements can be made with the LDV system:

fapgy = e lr?i‘sa (I:fg ¥ >1/2.' (D19)
o

A similar analysis can be performed for the case of rotation about
the x3 axis (Fig. D4). The results are:

N02 2 2
area ratio =1 - F (1 + tan" @ sin“¢)
(D20)
N2 1/2
) = arctan i -1
crit sing F
o

In many systems the angle ¢ is of the order of a few degrees, and
the latter configuration offers a better % validation, whereas the former
possesses a superior data rate (Figs. D5, D6).

In the present investigation rotation about the x3 axis was chosen,
even though this particular configuration is not the best from the point of
view of maximum achievable data rate. The system does, however, make use of
nearly all particles that cross the probe volume and it is less susceptible
to mean velocity changes across the probe volume.
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FIG. D.1 INTENSITY OF THE FRINGE PATTERN IN THE PROBE VOLUME ALONG
THE LINE X3 =x = 0.

FIG. D.2 HYPOTHETICAL PROBE VOLUME.
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FIG. D.4 ROTATION OF THE PROBE VOLUME ABOUT THE x3 AXIS.
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APPENDIX E

ESTIMATE OF THE POWER SPECTRAL DENSITY OF THE LDV OUTPUT

The laser Doppler velocimeter generates a sequence of output voltages
v(Tn) proportional to the speed of a particle in the probe volume at time
Tn - 0, 6 is the computation time required by the processor (Fig. El). The
last realization of v(T,) is stored in the output memory of the processor until
a new measurement has been performed. The time interval between successive
measurements v(Tp4+1) and v(Tp) is ATp, and the output waveform of the LDV has
the form

N

e =) V(TS - T,) - H( - T,0)] (m)
n=-N

The Fourier transform of v(t) is

A N
Vw =5 f z v(z )[H(t - ) - H(t - T, )3 at (E2)

n=-N

Jal JAN
A N n n
iw sin ( w
v' =z ;—_”_ v(’.rn)e“mrn m e 2 %Z) (E3)
n=-N W <

For the special case of AT, = AT, one may define a sampling frequency or data
rate £ = AP-1

A sin nf/f im/t &
v w) = W_c- e s Z ;—"V(nﬂ) eim& Jaly (m)
3 :
n=-N

(sin 7f/fc ei‘"f/ f.“3) /m€/fc can be interpreted as the transfer function of the
particular sampling process. The amplitude transfer function(sin f/fc)/nf/fa
has zeroes at f = nfg, n =1, 2, ... . The frequency window is a good low pass
filter for frequencies less than f = fo/2 (Fig. E2). The summation is an
estimate of the Fourier transform of v‘(:t):

ACRES f v(t) ¥ gt (E5)

A

UV (£) is a good estimate ofy'(f) if £ < £,/2 and if2/(f) has little
spectral content for frequencies greater than fo/2. If this is not the case,
then the estimated spectrum will contain spurious frequency components, called
aliases.
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As a simple example one may consider the case of oscillatory flow
with frequency f,. The output of the LDV processor will be:

N

A
W(8) = v, ) cosugZ[H(t - T,) - H(t - T,,))] (56)
n=-N
nf
3 sin 7€/t inf/f, & em -
W(f) =v Ce R Lop cos2mf = e P (E7)
o 1rf7fc é—wfc o fc
n=-N
nf nf
st/ d/fer 4 O At abie -
. —7T e {'211:6‘ +z o cos211fo-f—-<e +e >}
/ c c c c
n=0
(E8)
The series can be written in the form:
f+f f+f f-f f-f
O s om —2 o ——2 -2m
N f f f f
1 c \n ¢ \n ¢ \n c \n
BB = URAE Gt e O )
=0
R (E9)
For N - « the series simplifies to (Gradshteyn and Ryzhik, Ref. 88):
1 1 1 1
&t 7, ° iE. = 38 (E10)
2m o =21 fc 2n fc ~2m fc
l-e l-e l-e l-e

= 1/27r unless f =+ f_ or f =mf_ +f ; m an integer.

At these special frequencies the series has an infinite value, and the usual

interpretation of a delta function applies. The function W(f) has maxima at

f =+ f,, the frequency of oscillation, and at f = m fo * f,. The latter are
the aliases. There are no aliases in the range 0 < f < fo/2 for the case of

£, < fo/2. '-

In order to avoid aliasing errors, the data rate of the LDV must be
sufficiently high and satisfy the criteria outlined above. Turbulence spectra
of Hot Wire Anemometer signals indicate that f, should be 20 KHz or greater if
aliasing errors are too negligible. Additional filtering of the signal v(t)
generally does not reduce errors, as the aliases may be distributed over the
entire span 0 < £ < f,.
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FIG. E.1 TYPICAL OUTPUT OF THE LDV PROCESSOR.
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turbulent velocity in the observer direction x. Cross-correlations and cross-
spectral densities of the jet noise at 40° to the jet axis and the instantaneous
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self noise source term) were measured at various source positions in the jet.
Source distributions were inferred therefrom over slices of jet normal to the
Jet axis. They were found to be strongly pear-shaped, rather than axisymmetric,
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Self and shear noise spectra extracted from far field jet noise intensities via
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both sets of spectra, although derived from vastly different experimental
procedures, are compatible.
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